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PREFACE :rp THE FIRST EDITION. 

A SHORT course of lectures on Aero Engines was given by the 
author at the Northampton Polytechnic Institute during 1914. On 
th^ suggestion of Mr Charles E. Laiard, M.Inat.C.E., M.I.M.E., 
Head of the Erfgineering Department, the matter contained in 
these lectures — necessarily somewhat rearranged and largely 
extended — is now issued in book form, in the hope that it may be. 
found of assistance Ijd a wider circle*of readers. 

Tlfe engines are '^?-lassified as Horizontal, Radial, Diagonal, 
Vertical, and Rotary; aJt^some preliminary theoretical matter, 
one or two typical engines of each of these five classes are 
illustrated and described in some detail. This is thought to be- 
preferable to the alternative of giving very brief retpr epees to a 
larger number of the exceedingly numerous aero engines that have 
already appeared. 

The author desires to express his thanks for assistance rendered 
to him by the following gentlemen and companies: Messrs C. E.' 
Larard ; Col. H. C. L. Holden, C.B. ; Basil Joy ; 0. Paul Monckton ; 
The Austro-Daimler Co. ; The * ®ilnes-Daimler-Merc6des Co. ; 
The Gnome Engine Co. ; The Green Engine Co. ; The Wolseley Co. ; 
The Anzani Engine Co.; The Salmson Engine Co.; and the 
Proprietors of Flight and The Engineer. 

G. A. B. 

4 Lloyd’s Avenue, E.O. 


PUBLISHERS’ NOTE. TO TENTH EDITION. 

This .book has proved itself to be indispensable to thousands of 
yctfing men un^r training for .the Air Service, as is evidenced 
the sale of another edition in six monthsT'^ It provides an in- 
valuable theoretical basis for practical training, and has become 
an accepted textbook for designers and students. Under strict 
censorship the author is precluded from® adding more than a brief 
• Appendix to this jdition. 

'1918. 
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^SAPTER I 

WEIGHT: EXTERNAL-COMBUSTION ENGINES: THE 
CARNOT CYCLE; IMPRACTICABLE. INTERNAL- 
COMBUSTION ENGINES: THE OTTO, OR POUR- 
STROKE CYCLE: FURTHER CONSIDERATIONS. . 

Mechanical flight — of which man has dreamed since the Athenian 
Daedalus was fabled to have fitted himself with wings and flown 
across the iEgean Sea— has at lengthy in our day, been actually 
realised. • 

Within the past liundred years several able investigators have 
devoted attention to the problem, but the want of a means of 
obtaining sufficient power output within a very low limit of weight 
rendered success impossible, and even inconceivable, until the 
invention and subsequent rapid development of the small high- 
speed petrol engine, for which the world is so largely indebted to 
the enterprise, ingenuity, and perseverance of the late Herr Gottlieb 
Daimler (1834-1900), who retired in 1882 from his post in the great 
Deutz works in order to devote Jiimself to perfecting the little 
engines with which his name will ever be honourably associated. 

For it is to the small high-speed petrol engine that the final 
realisation of mechanical flight is entirely due, no prime mover 
at present known approaching this in respect of the high value 
of the ratio of power output to weight ; reliable petrol engines are 
now produced in large numbers weighing no more than from about 
lbs. to 6 lbs. per brake horse-power wheifc run at the relatiyely 
moderate speed of only^ about 12Q0 revolutions per minute. 

Thjb is truly a miracle of designing and constructive progress, 

1 
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^hen it is remembered that the early 

(circa 1880) weighed upwards of 1000 lbs, per 3.H. ^ ev 

•Daimler’s small high-speed engines of -1886, running at SOO-1000 
r.p.m., weighed nearly 90 lbs. per B.H.P, » 

ro/^P/l/J/30Af Of £/\/C//^ ^ S/Z£S A l¥£/c//rs. __ 




T^r^z ^ /S OOP /as^ 



/ba/z/j f£/to 

^f/zzzr -- Sfz/£SP£/Z . 


•^sp/z.f 7'Cy/ 

/f/zf -CaoUif /Z£/zo 

/200 PfiZS ^fZf /f/AZi/r£,_ 

JlZZJCZ/T^ 

Toz/jZ * tS<Z?S /BSm. 


Fig. 1. 


The striking contrast between the size a,nd weight of aero 
engines and those of equal-powered petrol engines of ‘ station^ 

\L i. d»rly .d.iMW i. ag. I. -hich th. 

l^tline views of thrhe petrol-driven engines each of 76 B.H.F. 
The uppermost of these illustrates a standard sing e-cyhndm 
hcarkontS single-acting, stationary engine, -as so largely used 
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land installations; this runs pormally at about 200 r.p.m., and’has 
a gro^ weight oL roundly 15,000 lbs. 

The 'lower left-hand illustration is of a typical six-cylinder 
water-cooled aero engine, filso of 75 B.H.P. when running at its 
normal speed of 1200 r.p.m. The engine weight has now, however, 
undergone an enormous reduction, being but 410 lbs., or only about 
^th*of that of the stationary engine! 

The third illustration is also of a 75 B.H.P. aero engine, this 
time of 'the seven-cylindered rotary air-cooled type, running 
normally at 1200 r.p.m. Here the engine weight is reduced to 
only 205 lbs., i.e. about of that of the equal-powered stationary 
engine.* 

It must be remembered, iiuwever, that the massive, slow-running 
single-cylindered horizontal engine will work quietly and steadily 
at full power for years with a very small amount of attention, 
' whereas •the exceedingly light high-speed aero engines .require at 
. present comparatively frequent dismantling and renewals of worn 
parts and a considerable amount of careful skilled attention to 
keep them in satisfactory running condition. 

It is well understood by engineers that in similar engines the 
weight per B.H.P. increases with tbe, size; to meet the demand 
for high;powered internal-combustion engines, in recent years 
designers have accordingly produced multi-cylindered engines, 
usually of the tandem vertical type, with considerable saving in 
weight, although the single -cylinder, single-acting horizontal 
design is still largely used for outputs of up to about 150 B.H.P. 
for stationary work. 

Aero engine designers have often achieved great weight reduction 
by using a large number of cylinders, and designs embodying eighteen 
and twenty cylinders are referred to later in this volume ; the result- 
ing complexity, and exceedingly Jarge number of separate parts, 
involve a gre^ amount of time and cost in dismantling and re- 
assembling, which is a very serious disadvantage. Constructors in 
increasing number^ are now producing six-cylindered vertical aero 
engines, and also eight-cylindered diagonal or " Vee ” designs — both 
water-cooled, — these running for longer periods without requiring to 
be dismantled, though *in each type the weight per B.H.P. materially 
exceeds that of the multi-cylindered air-coolad rotary design. , 

The statement below gives .the average weight per B.H.P. •of 
several standard types of single-acting four-stroke intemal-com- 
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bustion engine for sizes up to about 200 the figures given 

include the weight of flywheels (where , fitted)^ and als^ such 
immediate adjuncts as magnetos, carburettors, and oil an*d water 
pumps, but* do not include the weight, of the radiator or ojE the 
water, oil, and petrol used by the engine when running. 


Average Weights in Lbs. per B.H.P. 

Typk. ‘ 

stationary l-cylinder Diesel engines . 

„ 2-cylinder . 




„ 3-cylinder „ 

Marine Diesel engines 
Horizontal 1 -cylinder oil (kerosene) engines 


Lbs. per B.H.P. 
‘ 600 
500 
350 

200-^^00 

300 


„ „ stationary coal-gas engines 150-200 

Specially light high speed Diesels for submarines 60 

4-(5ylitider petrol or kerosene engines for motor ^ 

boats 50-80 

4-cylinder petrol engines of motor cars . . 16-25 

“ Aero ” petrol engines, 4-20 cylinders . . 2J~6 


The petrol engine is essei^tially a hot-air engine, the function 
of the small proportion of petrol vapour (only some 2 per cent.) 
with which the air is carburetted ” being to cause an almost 
instantaneous and very intense heating of the “charge” when 
exploded or “fired” by the ignition apparatus. 

The combustion of the air-heating fuel thus occurs nearly in- 
stantaneously within the engine cylinder itself, whence the phrase 
“ internal-combustion engine,” in contradistinction to certain earlier 
types of hot-air engine wheuein the working air was heated by an 
external furnace, and which may hence with propriety be termed 
“ external-combustion engines.” , 

These early external-combustion hot-air engines were theoreti- 
cally of much higher thermal efficiency than the four-8tro]j:e cycle 
engines now so universally ^nd successfully employed; itjs of 
interest, therefore, to examine briefly their cycles of operation in 
order to understand how it has happened that the cycle of 
maximum thermal efficiency involves exceedingly bulky and heavy 
engiijes, and is entireljj hnsuitable to the practical requirements of 
power users. , • ‘ 

The reader is .here reminded that the 'fundamental relation 
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fl-lways connecting the pressure, volume, and temperature of* a 
perfe^ "gas is ; • 

Pt;-:cT, . . . (1) 

where P = Absolute pi-essure in lbs. per square foot. 

V = The volume of 1 lb. of the gas, in cubic feet. 

c = A constant for any, the same, gas. 

T = Thc absolute temperature of the gas in ° F. 

„ = Ordiilary temperature in ° F. + 460. 

• 

For our purpose here, Air may be taken to be a perfect gas. 
At atmospheric pressure of 14*7 lbs. per square inch, and at a 
temperature of 32°T';,it is found by experiment that 12*387 cubic 
feet of air weigh 1 lb.; hc^i^e putting, in Eq. (1), 14*7 x 144 for P,* 
12*387 for v, and (460 + 32) for T, we have: 

14*7 X 144 X 12*387 = c x 492 

whe^LCCj’for air, the constant c has the value 53*29. 

Thus the characteristic equation for dry air is ; . . 

Pt; = 53*29T (2) 

Observe from Eq. (1) that if the temperature of an enclosed mass 
of gas be increased without change qf yolume, the resulting increase 
of pressure is proportional to the increase of absolute temperature ; 
that is, Pcx 3T when v is constant. 

The British thermal unit (B.Th.U.) is the quantity of heat 
necessary to raise 1 lb. of water from 39° F. to 40° F., and its 
mechanical equivalent, J, is 778 foot-lbs. of work. 

Let kv denote the quantity of heat necessary to raise 1 lb. of 
air at constant volume through 1° F. ; then hv is termed the specific 
heat at constant volume, and at ordinary temperatures has the 
value 0*1689 B.Th.U. for air. If be assumed as constant in 
value, then the heat, H®, required. to raise 1 lb. of air at constant 
volume from temperature Tq to temperature T is given by : 

H,=fc(T-To) B.Th.U. (3) 

, Again, it is evident from Eq. (1) ihat if the temperature of a 
mass of gas be increased without change of pressure, then the 
increase of volume Is proportional to the increase of absolute 
temperature; or, briefly, -yocT when P i8, constant. ^ 

The quantity of#heat necessary to raise 1 lb. of air at constant 
pressure through 1° - F., i.e, the specific heat at constant pressure, 
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is denoted by and for air this has .the value at ordinary tempera- 
tures of 0*2374 B.Th.U. ; thus the heat, H», requked to rdiftp 1 lb. 
of air at constant pressure from temperature to temperature T 
is given by i , , 

Hp=A;^(T-T,) B.TLU. . . . (4) 

The value of kp exceeds that of h by the heat equivalent of 
the external work done by a gas when heated at constant pressure j 
for air this external work amounts to 

{0*2374 — 01689} x 778 = 53*29 foot-lbs. per lb.; 

it will be noted from Eq. (2) that this W the value of the 
.constant, c, for air. Thus it is clear .thafc = Jfe-L) i'oot-lbs 
per lb. ^F. 

Usually in the working of heat engines, owing to the variation 
in the rate^of supply of heat, both P and v vary simultaneously. 
In general,* an equation of the form : 

= a constant , , , . . (6) 

is in practice found to be competent to represent the relation 
between the changes of P and v, n being a constant (index: The 



curves corresponding to this equation are afl of the general form 
indicated, in fig. 2; if the working air be initially at volume 
and pressure Po=MA (so, that the “constant” in Eq. (6) 
has the value Po'^o’^), and finally at volume and pressure 
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P — NB, then the external work, W, done by the air ’in expanding 
from QM to ON is : ^ 

W = A^ea AMNB= fpdv. 

• . -'ro 

As, from Eq. (5), P = > this becomes : 


W 


® ® Lv» * 


and this is easily found to have the value : 

W — ?9^P . foot-lbs. per lb. 
n-1 ^ 


( 6 ) 


But, as air is sensibly a perfect gas, we have by Eq. (I), P(j'yQ==cT(, 
and Pt; = cT ; hence from Eq. (6) we get : 

W = ^ (To - T) foot-lbs. per lb.. (7) 

which shows that in expansion according to the P'y” law the 
external work done is proportional to the change of temperature ' 
of the working air. 

The heat, H, that must be givfti*to the working air in order 
that it may expand in accordance with the Pv^ law is equal to the 
(algebraic) sum of the heat equivalent of the external work done 
and that of the change of internal energy of the air ; that is : 


As 0 = J(/cp — we have on substitution in this result, and 
reduction : 

H = ^^(T_To) B.Th.U. per lb. . . (9) 

n— I 

This shows that the heat to be expended on the air is also pro- 
portional to the bhange of temperature, and further, that the air 
ex;pands with an apparent specific heat which is constant, and equal 

to^^^i^B.Th.U. p^rlb. 

71-1 ^ 

The two modes of expansion of fuftdarnental importance in 
heat engine theory are: (I) Isothermal expansion; (2) Adiab/itic 
expansion. 
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- (1) In isothermal expansion the temperature of the air remains 
constant througliout. ’ ^ , , 

As Fv = cT always, this implies that the value of the'pWuct 
Ptr remains constant in isothermal expansion, i.e. the isothermal 
equation for a perfect gas is : 


^ (10) 

Hence the external work done in expanding from volume Vq to 
volume v is : 

Cdv 

- foot-.lbs. per lb. . (I'l) 

^ Vo ^ 

The ratio ^ is the ratio of isotherfhal expansion, and is con- 
veniently denoted by yo ; thus, in this case : 

• / W = PqVo log, p foot-lbs. per lb. ... (12) 

" ■“ „-cTolog,^ „ « . . (13) 

As the internal energy of a perfect gas depends only on its tem- 
perature, it follows that in isothermal change the internal energy 
of the^ air remains constant.* •Hence in isothermal expansion the 
heat given to the air is the exact equivalent of the external work 
done by the air; and conversely, in isothermal compression, the 
heat that flows from the air during compression is the exact 
equivalent of the work done on the air in compressing it. 

Isothermal expansion corresponds to -^ = 1 in Eq. (5); but we 
have to integrate this case specially, as, on putting = 1 in Eqs. (6), 

(7)„(8), and (9), these all assume the indeterminate form—, 

0 

(2) Adiabatic expansion is the name given to that kind of 
expansion when the working air* is totally cut off* from any heat 
communication with external bodies. The equation is very readily 
obtained from Eq. (9) ; for as no heat can pass into or away from 
the air, we must put H = 0 in Eq. (9), and thence deduce the corre- 
sponding value of 71, Now, if'H = 0, we must have: 


Heiice 

71 — 1 


nh-lcp 

<#t-l 

4 


(T-To)=0. 


must be zero ; that is, n must have the value 
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The ratio is of constajit occurrence in heat theory, and* is 
usualTy. denoted by y \ thus*: 




. 114 ) 


and thus the adiabatic ecjuation for a perfect gas is : 

Pvy = a constaii t = Pot^o^ , . • .(15) 

Pq , Vq being tlie initial pressure and volume respectively. 

In adiabatic expansion the external work is done at the expense 
of the internal energy of the expanding air ; its temperature and 
pressui^ conse(juently fall very rapidly as the expansion proceeds ; 
the relation between temperature and volume is easily found. For 
Eq. (15) may be written : 

Py X ~ PqVq X 

i.e. cT X vv-i = cTq X V J 

Similarly, the relation between i^emperature and pressure is 
easily found to be : 




TdL 

y . 


(17) 


For air, the value of y is — 1’4056 j it is usually sufficient to 

0’lti8y 

take 1*4 as the value. 

The Perfect Heat Engine. — In 18^4 Sadi Carnot first de- 
scribed a heat engine of maximum possible thermal efficiency. 
The working substance or “ vehicle of heat ” may be any substance 
which is affected by heat, but we here consider air, regarded as a 
perfect gas, as the working substance, since the engines later 
referred to herein ‘are essentially air engines. Carnot’s imaginary 
engine, illustrated diagrammatically in fig. 3, may be regarded as 
comprising the usual cylinder, piston, connecting-rod, crankshaft, 
and flywheel, togeth^V with a reservoir of heat (as, e.g., a furnace), 
which is always at a high (abs.) tempdt^ture Tg, and a i^econd 
reservoir (as, e.g.f a condenser) always at the low (abs.) temperature 
Tj. The piston and cylinder barrel are supposed to be absolute 
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la 


non-conductors of heat, while the cylinder bottom is conceived as 
ah absolute conductor, but with no capacity for heat. 

. Suppose the. engine to be started by 'pulling round the fly- 
wheel ; the order of operations is then as fpllows : — 

1. Let the piston be in the out ” position 1, and suppose the 
cylinder to then contain 1 lb. of air at pressure ( = A1), volume 
Vi = OA, and (abs.) temperature T/ F. 

2. The crankshaft continuing its rotation, •the piston moves 



Fig. 3. — Diagrum of Carnot air engine. 


inwards towards the left, compressing the air as indicated by the 
curve 1-2; during this first portion of the compression stroke, 
Carnot supposed the cold reservoir to be in contact with the 
cylinder bottom, so that the temperature of the air remained 
constantly at during the stage 1-2. Thus 1-2 is an isotherm ; 
the work done on the air by the crank is represented by the area 


A12B, which by Eq. (11) is expressed by , or, by aid 

of Eq*. (1), by cTj loge foot-lbs. This expression also measures 
the Quantity of heat that flows from the air into the cold body* 
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3. At the point 2, deteriqined in a manner to he presen&y 
show^, the cold body is suddenly removed, so that the remaining 
portion, 2-3, of the in-stroke is performed with the air cut off from 
any heat communication from without. The compression period 
2-3 is thus adiabatic, and the pressure and temperature rapidly rise, 
as indicated by the curve 2-3. 

The point 2 is so chosen that just as the piston reaches its 
extreme “ in ” position, 3, the temperature of the air has risen to 
Tg , the temperature of the hot body. 

During this compression period 2-3, no heat has been received 
or rejected by the aii ; the work done by the crank on the air is 
represented by the area B23C, and this by Eq. (7) is ‘expressed by 


y-1 


(Tg — Tj) foot-lbs., which measures also the addition to the 


internal energy of the air. 

4. The piston now commences its out-stroke, and tb© hot body 
is instantly applied to the cylinder bottom, so that during the first 
period, 3-4, of this stroke the expanding air is maintained ft? 'the 
constant temperature Tg. Thus, 3-4 is an isotherm, and the work** 
done hy the air on the crank is represented by the area C34D, 


which (Eq. 11) is fdof-lbs., or, as P 3 t;g=cT 3 (Eq. 1), 

• V'yg/ 

by cTg log* foot-lbs., and this also measures the heat received 

by the air from the hot body during this period. 

5. At a point 4, determined as shown below, the hot body is 
suddenly removed, and the remaining portion, 4-1, of the out-stroke 
is performed by the air cut off from any heat communication from 
without. The expansion period 4-1 is thus adiabatic, and the 
pressure and temperature rapidly fall as the expansion proceeds. 
The point 4 is so chosen that, just as the piston reaches its extreme 
"out” position, the temperature of the working air has fallen to 
Ti , i.e^to the temperature of the cold body. 

The work done hy the expanding air ,on the crank during 4-1 
is represented by the area D41A, and this, by Eq. (7), is expressed 

by — ^^(Tg — Tj) footrlbs., and is derived from the internal energy 

of the working air, which is accordingly dinunished by this anjount ; 
it will be observed that this is ^exactly equal to the increase in th© 
internal energy of the air during the period 2-3. 
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'Having returned to the point 1, we have now the 1 lb. of working 
air in exactly the same state, as to pressure, volume, and teVapera- 
ture, ^ at the commencement of the series of operations ; the same 
cycle is now repeated continuously so Igng as the engine is running. 

In one complete cycle of operations — which occurs once during 
each revolution of the crankshaft in the single-cylinder single- 
acting engine here contemplated — the work done hy the air on 
the crank is represented by the area C341AC, while the work done 
on the air by the crank is represented by A128CA; the difference, 
viz. the enclosed area 1284, represents the excess work done per 
cycle hy the air on the crank,‘ i.e. the useful \^ork, U, of the engine 
per revolution. ' 

Ihe points 2 and 4 on the diagrams are determined as follows : 

1-2 and 3-4 being isotherms, and 2-3 and 4-1 adiabatics, we have : 

Multipfying these four equations all together gives: 

'yiVW=WW» 

from which we at once have : 

• «’2 ^ 3 ’ 

or the isothermal expansion ratios are equal; and also: 


^3 ^4’ 

i,e. the adiabatic ratios are also equal. 

Denote the isothermal ratios by p, and the adiabatics by r, and 
let the total expansion ratio be X. Then 


1^3 

(18) 

In working out a concrete example, we may assume P^, Vj, T^, Vg, and 
Tj as data ; i.e, we have given the initial condition, the tempera- 
ture limits, and the total expansion range. The correspoiiding 
adiabatic expansion ratio is then found thus : 


so that 

i.s. 

i-e. 


P2V = P3V. 

Pg^jX v^ = P3'y3XV"^i 
c7^iXv^y-'^=.GT^xv^y'-^, 


r 




% 



1 

y-1 

» 


(19) 
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so thsit the adiabatic expansion ratio depends only upon the tem- 
peratiye limits. . 

To determine the isothermal expansion ratio, 0 . we have from 

X ^ ^ ' 

Eq. (18), p = ~ , whence Eq. (19) : 

.... ( 20 ) 


thus the isothermal ratio depends upon the temperature limits and 
the total expansion ratio jointly; as p must be greater than 1, it 


follows that X must 3,lways be taken greater than 



Consider next the thermal efficiency of the engine. Thermal* 
efficiency is the ratio of the useful work done to the heat supplied ; 
so that in this case : 


Thermal efficiency = ^ ^ - , 

But the useful work done is the ditlerence between the^Eeat 
supplied to and rejected by the working air during the isothermal \ 
periods 3-4 and 1-2 respectively, since no heat is received or rejected 
during 2-3 and 4-1, and also the cho^iges of internal energy during 
these periods exactly cancel one another. Thus we have : 


U = cT3log,p~cl\logep, . . , (21) 

whence the fundamentally important result that for the Carnot 
cycle of operations 'the 

Thermal efficiency = P P _ :[3 

^ c%log.p T, * 

• T 

Thermal efficiency = l — ^-J. , , . (22) 

■^3 

The thermal efficiency is thus always less than unity, but increases 
T T 

as the 1-atio pJ dipinishes ; is diminished by making the cold 

body as cold as possible, and the hot body as hot as possible. 

The expression (22) is the maximum possible thermal efficiency 
of any heat engine working between the temperature limits T^ and 
Tg , no matter what “ vehicle of heat ” be A^ployed ; for its rqalisa- 
bion, Carnot pointed out that thp cycle of operations must fulfil tl^e, 
Eollojving conditions r— 
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1. All the heat must be received by the working substance at 
the higher temperature T 3 . 

, 2 . All the rejected heat must be rejected at the lower tempera- 
ture T^. ^ 


'3. The cycle must be reversible. 

An engine satisfying these conditions is termed an elementary 



Fig. 4 .— Indicator diagram of Carnot air engine. 


heat engine, and cannot conceivably be exceeded in thermal efficiency 
by any other engine whatever, working between the same teu[npera- 
ture limits. It is the ideally^ perfect heat en^gine of complete 
thermal efficiency. 

It unfortunately happens, however, that this excellent cycle 
cannot be actually realised, on account of certain insuperable 
practical difficulties. Ip ^rder that these difficulties may be appre- 
ciated fig. 4 has been drawn, showing, to scale, the indicator diagram 
of a Carnot air engine using 1 lb. of air initially at atmospheric 
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pressure (14*7 lbs. per square inch) and 70“ F. ; the total expansion 
is tal^an at the large value*15, and the upper limit of temperature 
as 800“ -F. • . 

The process of calculation may be arranged as follows : — 

We are given = Vd+460 = 530, Tg = 800+460 = 1260, 
Pj = 14*7 X 144 = 2116*8 lbs. per square foot, and X = 15. 

ISL Eq. ( 2 ), put P = 2116*8 and T = 530; then we have 2/1 = 13*3 


cubic feet. And as 2/3 = :^, we have 2 / 3 = 0*89 cubic feet. 
Next, by Eq. ( 20 ) the isothermal ratio is : 


/ 530 \ 2-5 


72. 


Hence -u = — 1 J =7*76 cubic feet, 

p 1*/55 

and 2 / 4 = p X 2/3 = 1*72 X 0*89 = 1*53 cubic feet. 

As to the pressures, we have Pi = 2116*8 lbs. per square foot 
= 14*7 lbs. per square inch. Also, by Eq. ( 2 ), Pg x 0*89 = 53*29 x-^l 


whence P 3 = 75,444 lbs. per square foot =524 lbs. per square inch. 

• p 524 

Then P 4 = - ^ = __ = 304*6 lbs. per square inch, 

p V i A 0 0 

and ^*2 = = 1'72 X 14*7 = 25*3 lbs. per square inch. 


Denote by p the mean effective pressure during the working 
stroke, in lbs. per square inch ; then p is the average vertical height 
of the enclosed area 1234, and is evidently determined from the 
relation li^p{v^ - -y^) = U = (/(Tg - Tj) log, p (Eq. 21 ). 


c T — T 

Thus : p = loge p lbs. per square inch. 

XtIt! 2/1 ““ 2 /g 


( 22 a) 


So that in this case p = = 1 1 '56 lbs. per square inch. 


Lastly, the thermal efficiency, by Eq. ( 22 ), has the value 

^30 * 

1 — J 2 gg = 0*58; that is to say, with the temperature limits as 

taken, this ideal heat engine of maximum theoretical efficiency can 
convert 58 per cent. oT the heat given to it into useful work. 

Consider next the probable weight an^l size of such aji air 
engine; — It must be sufficiently strongly constructed throughout 
to withstand safely the very high compression pressure of 524 lbs. 



16 


AERO ENGINEIS. 


per Square inch, which is about the same as the maximum working 
pressure of the modern Diesel heavy-oil engine ; and single-csy]inder, 
single-acting Diesel land engines commonly weigh about 600 lbs. 
perB.H.P. 

’But although the engine must be designed for a cylinder 
pressure of over 500 lbs. per square inch, the mean effective pressure, 
upon which alone the horse-power depends, is only 11 J lbs, per 
square inch, i.e. only about one forty-fifth part, of the maximum ; 
evidently, then, the engine must be very heavy for its power. 

Also, it is easily found that with a cylinder 30 inches in diameter 
the stroke of the engine must be, roundly, SOJ inches in order that 
the piston displacement per stroke ( = (^^1 — ^ 3 )) may bfe 12*44 
cubic feet. 

Modern Diesel engines are run at a piston speed of about 600 
feet per minute, which, for the imaginary engine here contemplated, 
would correspond to 118 revolutions per minute; but so great a 
speed as this is not available, on account of the insuperable practical 
'cfTfucUlties encountered in the attempt rapidly to heat and cool ’a 
r comparatively large volume of air, and external-combustion hot- 
air engines were actually run at only from about 100 to 200 feet 
per minute piston speed. Tl^u^ we cannot safely assume a revolu- 
tion speed of more than 40 per minute for this case. 

The indicated horse-power at full efficiency would accordingly be; 

LH.P. = 0-7854 X 302 x 11-56 x x 40 x 

JiZ QO,UUV/ 

„ =25*1, 

in the ideally perfect case of no waste of heat. 

Practically, however, there is considerable waste of heat, and 
also the cycle cannot be carried out perfectly, with the result that 
the thermal efficiency actually realised is only, at best, about one- 
fifth of that indicated by theory, so that the I.H.P. obtained would 
be only about 5. The great bulk of these engines also results in a 
low mechanical efficiency; in the most favourable circumsta^ices, 
taking 0*6 as the value of the mechanical efficiency gives us 6 x 0*6 = 3 
as the B.H.P. of the engine. 

Lastly, a 30"x30^" single-cylindered, single-acting engine to 
withstand a compression pressure of 524 lbs. per square inch would, 
f^om analogy with the modern DieseUand engine^ weigh fully 60 ton& 
Thus our Carnot air engine would weigh about 17 tons per B.H.P. 



mpiM, mwicimct, etc : it ; 

‘ Tile utter impractiealility of this type of engine is tluier 
manifest. . By modifications of 6ycle — as described in the regular 
teatiseJ on heat engines*^ — the difficulties of excessive bulk and 
weight in proportion to power were somewhat reduced, but it 
was ultimately found impossible to make a practical success of this 
type of engine, in spite of the allurement of its perfect theoretical 
efficiency. 

In illustration of the length to which constructors went, and to 
furnish a contrast with modern practice in quick-speed internal- 
combustion engines, it will suffice to mention that the external 
combustion hot-air engines used in pr*opelling the ship Ericsson 
about 1852, comprised four single-acting working cylinders each 
fourteen feet in diameter; the stroke was six feet, and nine revolu- 
tions were made per minute. The J.H.P. of this immense engine 
was only 300, the mean cltective pressure having the extremely 
low value pf but 2*1 lbs. per square inch. , 

• Thus, in general, the external -combustion engine involves* high 
compression and low mean effective pressures, low revolution* 
speed, and considerable heat losses. The bulk and weight are 
consequently enormous in relation to the useful power output. 
The type is now quite abandoned, except in a few special directions 
where very small power is required, aSjVjf., for domestic and similar 
purposes. 

We proceed next to the internal-combustion or “explosion” 
engine, wherein the working air is very suddenly and very intensely 
heated by causing chemical combustion to Hash through its volume, 
which is achieved by mixing with it a small quantity of some 
" hydrocar l)on vapour, so forming an explosive mixture, and igniting 
jbhia by suitable means at the proper moment. 

The history of the explosion engine begins with Huyghena* 
proposal, about 1680,^ to utilise gunpowder as a motive agent, and 
CTulminates — after many different suggestions and tests — in the 

* .itiyerttion by Beau de Rochas in 1862 of the sequence of operations 
now almost universally employed, which is known indifferently as 

De Rochas, Otto, or “ four-stroke ” cycle, and comprises suction, 
compression, expansion (or- “ working ”), and exhaust strokes, all 
performed within the power cylinder. 

* Rankine’s Steam Engine (London : C. OrifBn &Co., Ltd.). 

For a brief account of*tlie history, b^e D. Clerk’s Gas^ Petrol, and Oil Engitie^ , 
h;i (Ldu^uians, Green & Co.). 
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Though this cycle as will shortly be seen — is necessary of' 
much lower theoretical efficiency than the Carnot, it yet. poss« 3 ^ 
the overwhelnjing practical advantages of being easily carried' otit 
in a small, light, and fast-running engine, and lias thus brihiahidy 
succeeded while the cycle of perfect efficiency has proved un- 
attainable through, so far, insuperable practical difficulties. Four-* 
teen years later, viz. in 1876, Dr Otto produced the world-famous 
four-stroke “Otto silent gas engine,” which finally established: 
the internal-combustion engine upon a commercial basis as an ’ 
economical and reliable prime mover. 

Fig. 5 shows diagrarnmatically the essentials of a simple form, 
of modern single-acting, four-stroke, quick -speed, water-cooled 
internal -combustion engine of the type now so largely used in 
motor cars, motor boats, and aeroplanes. The liglit piston P, 
usually of cast-iron, but sometimes .of steel, slides easily within the 
cast-iion (or, occasionally, steel) cylinder, and is kept gas-tight by 
three cast-iron spring rings placed in the grooves as indicated; the 
piston is connected to the crankshaft K by the liglit stamped stCel 
connecting-rod R. The upper portion of the cylinder is water- 
cooled in order to prevent overheating by the successive ex- 
plosions when running; cooling of the cylinder of course reduce$ 
the thermal efficiency, but is a practical necessity with the avail- 
able materials of construction. 

^ The crank-chamber is completely enclosed, but is often fitted 
with a covered inspection hole D giving access to its interior; the 
bottom, or “sump,” contains a quantity of oil, into which the “big 
end of the connecting-rod dips, thus splashing it about and so 
ensuring the lubrication of the working parts; a screwed plug in' 
the bottom of the sump enables the used and impoverished oil 
to be periodically drained off, after which the crank-chamber ds' 
washed out with paraffin, and a charge of fresh oil introduced. . 

There are two valves, termed respectively the inlet and exhaust, 
placed sometimes on opposite sides of the cylinder (known 
f-arrangement) — in which case two camshafts are necessary,-r^ 1 i^| ^ 
more often in a pocket on the same side (known as the L-arrang^A 
ment), when one camshaft suffices for both. In 6g. 5 the 
ment is illustrated, and the inlet valve is shown, the exhaust 
a similar valve imippdiately behind it, and thus not appeai^in^ ii - 
the section. The inlet valve V 19 of the “ poppet ” or “ mushlPOc^0" 
ahd is of mild or nickel steel; it is normally kept, 
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Fio. 5. — Ditiigrani of a typical four-stroke petrol engine. 


inlet and exhaust valves only require to be opened^oncr 
Wry two revolMtions q£ the crankshaft, the cainshafi *i 
by silent chain or cut steel gear wheels, at 
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07te-half t)ie crankshaft speed, whence it is also often termed the 
“ half-speed ’\shaft. ' ^ 

In the inlet valve cap is screwed tlie sparking S,hy which . 
the mixture of air and petrol vapour is exploded at the proper 
instant. L is a cock, or tap, cornmuriicatihg with the “ combustion 
chamber” or upper portion of the cylinder, and may be used to 
relieve the compression in starting, to “prime” the chamber ^with 
a few drops of petrol, to inject paraffin if required to ease the 
piston after long standing, and permits also of the insertion of a; 
wire or thin rod to determine when tlie piston is at the top of its 
stroke, when adjusting the timing or ignition.* 

The action of the engine is as follows : — The inlet valve ^ being 
raised by the cam, the piston on its first down -stroke draws into 
the cylinder a cliarge of carburetted air by way of the inlet pipe 
I ; at, or very shortly after, the end of this down-stroke the inlet 
valve closes,* and the piston on the return up-stroke compresses the 
explosive charge into the combustion chamber X ; on the coraple- 
hion of the compression up-stroke the igniting apparatus causes a 
. sp^irk to leap across the gap between the sparking-plug electrodes 
within the cylinder, wlioreby the compressed mixture is ins^tantly 
exploded, its temperature, and consequently also its pressure, 
suddenly undergoing a great rise. 

The piston is next forcibly driven downwards by the inflamed 
mixture, thus performing the “working” or “expansion” stroke. 
When this stroke is nearly completed the exhaust valve is raised 
-by its cam and the expanded gases at once escape into the atmo- 
sphere, the discharge being completed as far as possible during the 
subsequent up-stroke of the piston. The inlet valve is then again 
raised for the next down-stroke, and the cycle repeated as before. 
There are thus in each cycle four piston strokes, only one of which 
is a working stroke. . '' 

. The changes of pressure and volume undergone by the working: 
mixture during one complete four-stroke cycle are exhibited by 
the “ indicator diagram ” shown on the left on fig. 5, AV an^ AP^ 
being axes of volume and pressure respectively; AO repres€snts4he 
volume of the combustion chamber ; during the suction diown-strolke 
the line 01 — at atmospheric pressure — is tra'ced ; next follows thV 
eomppesaion up-stroke,, "v^hen the changes of volume and preosuw r 
ojE the mixture are shown by the “ compressiontcurve ” 1-2. 

At 2 the charge is exploded, and the pressure ihstdntiy 
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from 2 to 3. Observe that at the top of its stroke the piston 
' is momentarily at rest, and therefore, as the rise of pressure is 
' extremely sudden, the mixture is practically ignited, or heated, at 
' constant volume. . . 

Next follows the working down-stroke, when the inflamed 
mixture expands as indicated by the curve 3-4, and finally, when at 
or nfiar 4, the exhaust valve opens and the pressure at once falls 
to that of the atrnospliere ; the exhaust valve continues open during 
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, the second up-stroke, the corresponding line on the diagram being 
l-O ; the cycle is then repeated. 

It is evident that the closed area 1234, measured in appropriate 
, units, gives the useful work done by the engine in every two 
revolutions of the crankshaft. 

? The expression for the ideal thermal efficiency of the four-stroke 
is obtained by aid of the simplifying assumptions that the 
: 1-2 and 3-4 (fig. 6) are adiabatic, and that the specific heatfl 

the working gases’ remain in the constant ratio y=il*4. Then 
. al! the heat received by the working gases Jis received at constant 
at the instant of explosion, and is expressed by : 

Heai received = - Tj) B.Th.U. per lb. of gases, 
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wtiTe all the rejected heat is rejected at constant Volume , aii3 4s 
expressed by: 

Heat rejected = /4 ;v(T4-~Tj) B.Th.U. per lb. of gases. 

‘The useful work done per lb. of gases is the difference between,: 
these two heat quantities, and is hence given by : 

Useful work = k^(T^ - Tg) - - Tj) B.Th.U. per lb. 

The thermal efhcioncy is the ratio borne by the useful work 
done to the heat expended in obtaining it, and is accordingly, for 
this cycle : 

Thermal efficiency = “^ 2 ) - ^»(T 4 - 'i\) 


rp rp 

Thermal efficiency = 1—^4 ^ -i . (23) 

This result admits of a remarkable simplitlcaiion ; for as, by 
•supposition, 1~2 and 3-4 are adiabatic, we have by Eq. (16) : 


T. 




=/3V'‘=Ti 

VV T, 


since and * * 

Hence and thus that (28) becomes: 

•^1 -^2 -^3““ ^2 -^2 


Thermal efficiency = 1 


_T, 

t: 


( 24 ) 


and thus depends only upon tlie (absolute) temperatures at the 
beginning and end of the and is independent of the 

explosion temperature. This result is of fundamental importance 
in the theory of the four-stroke cycle engine. 

^ 1 : : % 


As 


have, denoting the compression ratio ^ by ^ 


the equivalent expression: 


Thermal efficiency = 1 — 






In this form the temperatures Tg and T^ are unnecessary, and ih< 
ideab thermal efficiency can be estimated immediately from ihi 
C^iapression ratio. The thermal efficiency, othei* things bein^ 
thn^ increases with the compression ratio. 
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Ostial to aesifme y to be 1*4, as for air, so that "Onally *wh 
have ajthe formula for calculating the ideal thermal efficiency of 
' a four-stroke cycle engine : , 

Tliermal. efficiency = 1 . . . . (26) 

The value of the compression ratio varies in practice from about 
to SJ; below are given a few values of the thermal efficiency, 
from Eq. (26), corresponding to several values of r: 

^ = 3-5 3-75 40 4-25 45 475 5*0 525 

Thermal efficiency =0;394 0-411 0*426 0*439 0 452 0*464 0*475 0*485 


It is, however, here necessary to' enter a caveat. Though, from 
Eq. (26), increased thermal efficiency should accompany increased 
compression, it is often found with actual engines that increasing 
the compression results in little or no increase, and indeed the 
thermal Efficiency may even show a diminution witlf^incjreased 
compression. This is due to a source of loss of which tlie above 
theory takes no cognisance, namely, the large loss of heat to tlie 
walla of the combustion chamber and piston crown at and near 
the maximum explosion temperature. This loss is greater as the 
'surface exposed is greater relatively* to the volume of hot gases 
enclosed ; -when compression is increased by diminishing this volume, 
the ratio of surface to volume, and hen(;o the heat loss, increases. 
This increase in any case must reduce any gain in thermal efficiency 
arising from the increased compression, and may even, as above 
.remarked, more than nullify it. To realise the thermodynamic 
advantage of increased compression, this sliould be effected by 
/increasing the stroke, leaving the combustion chamber unebanged 
in form and size. 

"Puc to this cooling loss, there is for each type of actual engine 
compression ratio of maximum practical thermal efficiency, which 
is determined by experience; for petrol engines of normal four- 
:>;^roke type the value is probably of the order of about 4*5. 

The limits of temperature in tlie four-stroke cycle are Tj and 
and accordingly the thermal efficiency of a Carnot engine 

'''v'-//' T 

forking between these limits would be 1-™^ (Eq. 22), which is 


i T . . 

cb^iderably greater than 1 — the maximum possible to * the 

' a :' ' * V‘ ^ . 

|0f^‘:J$tj^ke cycle. The four-stroke, is theoretically an imperfect 
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cyxjle, inasmuch as the heat received is received not at cdni^tailt but 
at rising temperature, while the heat rejected is rejected' aj fal^ng 
iemperature ; it is nevertheless the best practical cycle of 6perati<^ 
!hat has so far been discovered. 



Flo. 7, — Explosion diagrams compared. 


Consider next, in rather .more detail, the case of an engiite 
using 1 lb. of air-petrol mixture per cycle; let the air be initially 
at 70" F. and atmospheric pre^ure, and suppose the mixturo^^ ,^: 
■ consist of -J^ths of a lb. of air and ^'^th of a lb. of peta^lt 
^pour. •' 

By Eq. (1); ^ins ot a lb. of air at 70' F. and atmosphorfc 
fjessure occupies 12;5 cubic feet, while ^^th of a lb. of 
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'iTfcpour oocupies then,^ roundly^ 0*25 cubic feet ; hence the .volume of 
tresb^charge taken into the cylinder during the auction stroke will, 
in the Ideal case, be 12’5 -h 0*25 = 12*75 cubic feet. Assume the com.- 
pression ratio, r, to be 5 then (fig. 6) ^1 = 5^2 and 

12-75 

so that ^ 2 = =319 cubic feet is the volume of the combustion 

chamber, assumed to be filled with exhaust gases from the pre- 
vious cycle, at 70^’ F. and atmospheric pressure; the weight of 
this is tafeen to be, roundly, 0‘25 lb., so that on the whole we have 
tp deal with a total^initial volume, , of 12-75 + 3-19 = 15-94 cubic 
feet offgases initially at 70” F. and atmospheric pressure, and having 
a mass of 1*25 lbs. 

Experiments by Mr B. Blount in 1908, using a bomb calori- 
meter, showed the average calorific value per lb. of petrol to be 
slightly greater than 20,000 B.Th.lJ. We assume here the round 
figure of 20,000 B.Th.U, per lb. ; thus the ^tli of a lb. of petrol on 

explosion will evolve ^^^^^^^ = 1250 B.Th.U. of heat. 

The case under consideration is exhibited in fig. 7 ; as before, 
0—1 represents the suction stroke, 1-2 tlie compression, assumed 
adiabatic, 2-3 the rise of pressui^e *on explosion, and 3-4 the 
adiabatic' expansion. 

We have = 704-460^530° F. (abs.); hence, using Eq. (16), 
we get T 2 = 1009” F. Also, as yq = 14-7 lbs. per square inch, we 
obtain, from Eq. (17), — 140 lbs. per square inch. 

Now make the assumptions : (1) that all the 1250 B.Th.U. are 
suddenly evolved by the mixture on explosion, and (2) that /c„ re- 
mains constant at the value 0*1689 B.Th. U per lb. througliout. Then 

the rise of temperature on explosion will be X = 5921” F. 

0To89 5 

^ and accordingly the temperature at 3 will be : — 

Ta= 1009 -h 5921 = 6930” F. (abs.). 

Tie pressure at 3 will be to that at 2 as Tg ; Tg ; hence : 

^ 140 = 962 lbs. per square inch (abs.). 

JL uuy 

as ^ , we have T^ = 3640” F. (abs.). 
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Tlie useful work done per Ik of working gases, expressed ' « 
heat units, is : 

B.Th.U.; 

as we have here 1| lbs. of working gases, the 

Useful work = Area 1234 = 475 x 1*25 = 594 B.Th.U. 

This is also, of course, immediately obtained by multiplying th( 
1250 B.Th.U. of heat received by the working gases, by the valu^ 
of the thermal efficiency corresponding to r='5 in E(|. (26), viz 
0*475; thus; 

Useful work — 0*475 x 1 250 = 594 ‘B.Th.U. 
per complete cycle. 

The mean effective pressure, y), is obtained from the relation: 

1U2)(v^-v^)==^3xU, . . . . (27 

whence^ ^ = £52 lbs. per square inch. 

Thus, with the simplifying assumptions made in this estimate 
\lie maximum temperature attained appeuars as 6930'" F. (abs.), bi 
0470° F. by ordinary scale, the corresponding maximum pressur< 
being 962 lbs. per square inch, and the mean effective prcssuiv 
262 lbs. per square inch ; in ^ctual engines these very high tempera- 
tures and pressures are never approached. 

One of the first observations made in systematic experiments 
on the explosion of gaseous mixtures was that the maximum 
temperature and pressure realised are, roughly, only about onb- 
half as great as arc indicated by calculations made in the above 
manner. This important discrepancy is mainly due to the following 
causes : — 

1. Dissociation at High Temperatures.— Cliemical combina- 
tion is usually accompanied by the evolution of heat, but the 
compound itself may generally be decomposed by raising it to a: 
higher temperature ; when the first portions of a gaseous mixture 
combine, the heat evolved raises the whole mass to so high a teih'-' 
perature that further combination is checked until the tempei;fbturc} 
is reduced by loss of heat to the walls of the containing ves^Jj- 
insisted also by that lost by conversion into work in the case 
an engine. Thus it is clear that complete ‘combustion does.^ n^' 
Occur, instantaneously, but that the mixture continues to burn aii^^ 
eyolve heat as the temperature falls until all the active ;,gaa^' 
combined. 
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: w/convenieiit to mention here the nomenclature adopfceS 

'by jpy^^lkigald. Clerk in connection with the phenomena of the 
of gaseous mixtures: — 

- ,* Tlietime of ex 2 )losion is the interval of time elapsing between 
, beginning of increase 'of pressure and the attainment of 
meiximum pressure. 

E^losion is considered to be complete when the maximum 
pressure is attained. 

Gomplefe inflammation is the spreading of the flame through- 
' but the mass of the exploding gases; explosion experiments show 
that inflammation is dbmplete when maximum pressure is attained. 

Complete combustion is the complete combination, i.e. burning, 
bf the exploding gases into carbon dioxide and steam. It is evident 
— from what has just been said of dissociation - that combustion 
is by no means complete at the same instant as the inflammation 
and explosion, but continues thereafter for a shorter or Ibnge^ time, 
. according as the gaseous mixture contains a small or large excess 
of air. In the case of the small quick-speed petrol engine, combus- 
tion probably continues throughout the working stroke, with the 
result that the actual expansion curve lies between the adiabatic 
and the isothermal drawn from the topj^f the diagram. 

Temperature attained during Explosion.— (Abs.) tempera- 
ture is considered to be always proportional to the value of the 
product pv ; the initial condition being usually known, i.e. pQ, Vq, 
and Tq , the temperature, T, at (pv) is inferred from the relation : 


T pv 


■ (28) 


^ Jn the case of explosion experiments in closed vessels the volume 
.;is invariable, and the (abs.) temperatures are then taken as propor- 
tioha>l to the pressures ; in an engine cylinder, however, both^ and v 
ckahge simultaneously, and it is commonly found that the product 
Attains its maximum value shortly after the commencement of 
vfte working stroke; this is the pobit of maximum temperature, 
.^iWhjch is determined by aid of Eq. (28).. 

Dissociation has already been referred to as an important 
in restraining temperatures and pressures in gaseous ex- 
; other causes are : — ^ « 

"r A substantial increase in the value of — the specific heat 

' volume — when the temperature is greatly raised ; 
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inc'rease in reduces the maximum temperature and hen^ the 
maximum pressure attained. 

3. Loss of heat from the exploding gases to the metaf walls of' 
the enclosing vessel. In petrol engines,, for example, about, oher 
fourth of tlie whole heat evolved in the cjdinder appears in tli0: 
jacket cooling water. 

4. In actual engines the fresh charge becomes somewhat *heat^d 
on entering the hot cylinder; this results in jts expansion, so that 
the mass of the charge taken in during the suction stroke ils 
slightly reduced. 

5. The working fluid is not dry air, as is assumed in establish- 
, ing the theoretical equation (24), but is a mixture of more or less 

moist air, petrol vapour, and residual gases from the previous, 
exhaust ; the k^ of this mixture differs in value from that for air, 
and increases considerably as the temperature rises. 

6. XJorn'bustion changes the volume of the combining gases so 
^ that the volume which expands diflers from that which is com- 
pressed. In the case of petrol engines using normal mixtures, the 
volume is increased by 5 per cent, to 6 per cent, 

7. Some loss of heat to the cylinder walls takes place?* during 
the compression period. This reduces Tg (fig. 7) and consequently 

Tgandpg. 

8. The resistance offered by the carburettor, inlet piping, valves, 
and passages to the entering mixture prevents the engine from 
receiving a full charge of fresh gases at atmospheric pressure in 
each suction stroke. 

If d and s denote respectively the cylinder bore and the stroke, 
both in inches, then in the perfect case the engine would during, 

each suction stroke take in ^(Ps cubic inches of fresh mixture afj 

atmospheric pressure and temperature. Actually it gets considdp- ! 
ably less than this; the ratio of the mass of charge actually 
that which would be ideally ^received, is called the' Volumet^iici^ 
Efficiency of the engine. The volumetric efficiency in actual <5a^^4 
‘ varies greatly, the range being from about 0-6 for earlier 
up to about 0*9 in recent good designs. 

In fig. 7 the blackened diagram is drawn by aid of an indip0l<^ 

' diagram taken from a petrol engine running at 1300 revQluti^i^ 
•p^r minute; the maximum pressure attained was about 
, per square inch (abs.), with a terminal pressure of 52 fe. 
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(^fes.). Due to loss of heat during compression, the actUfiU 
- ^Oihpres§ion curve .1-2^ falls below the adiabatic 1>2 ; while, owing 
:;to same combustion continuing during the working stroke, the actual 
oxpQ^sion curve 3 -*4 lies above the adiabatic 3^— 4^ The isothermal 
ciipye through 3 has been drawn to exhibit the position of the 
actual expansion curve in this case, relatively to it and to the 
adiab^ic through 3. 

Jt has been found by trial that both the compression and ex- 
pansion curves of tliis diagram practically follow the = const, 

law, with a value of 1*23 for n. 

If p denote the mean effeotive pressure in lbs. per square inch, 
and r be the compression ratio, then from Eqs. (5) and (G) it may 
easily be found that : 

tp - 1 — I 

= i ' H)S. i)er square incli. . (29) 

• • 

Herer’=5, Ti = l-23,p, = 62,andpi = 14-7; lienee p = 90'8 lbs. per 
square inch. 

The mean effective pressure, p, has been notably increased in 
petrol engines during the past five years by the adoption of larger 
and better carburettors, piping, and^vnlvcs; and by generally so 
proportioning the engine that the gases enter and leave the cylin- 
ders with the least possible resistance. The early designs showed 
,a value of p of 70 to 80 lbs. per square inch ordy, whereas 
. in , present-day engines the average has been raised to fully 100 
lbs. per square inch, partly as the result of improved carburation, 
but mainly by increased volumetric efficiency. 

The average indicator diagram may be taken as shown in fig. 8, 
at normal full load ; the explosion peak is rounded off partly by 
heat loss to the walls of the combustion chamber, partly by 
expansion of the working gases due to piston movement, so that 
the maximum pressure realised is about 350 lbs. per square inch, 
the ‘‘ peak ” being just over 400.^ The terminal exhaust pressure 
is aboui 55 lbs. per square inch (aba.), but as the exhaust valve 
i^ally commences to open at about 0*9 of the working down- 
Itrokc in order to give greater freedom of exhaust, the “ toe ” of 

actual diagram falls *a way generally as shown in the figure, 

% If pre-ignftion occurs, the pressure may rise to, roundly, 1000 lbs. per square 

due to the compressidh of the exploding gases ; vide Int Comb, Eng. of 27tlJ 
460 . 
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A compression ratio of 4*5 is taken, the corresponain^ 
pression pressure being about 109 lbs. per sTjuare ineh^ (abs.), 

4 . *'» ji 

The value of the exponent n is often 'assumed as g in design, ahq 

with this value and the assumed data a Tn.e.p. of practically lOO 
lbs. per squai'o inch results from Eq. (29). The following actud 



determinations of ti suggest, however, that better average vs 
are 1*23 for the expansion curve, and 1*28 for the compression; 


Eiif^incs. 

2-cylinder, 400 H.P. Crofisley— 
No. 1 cylinder . . 

No. 2 „ . . . 

Atkinson engine 
Daimler, using petrol ^ 

^ „ benzol ^ . 


n, Expansion, 

n, Comprw^i 

. ] '266 

1-321 

. 1204 

1-31» 

, '1-264 ■ 

1-m 

. I-IKO 

1-290; 

. 1«250 



1 Dr Watson, F R.S., in Proc, Ind, Aut. Eng., 1914-15,. 
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lilftximiim value of the mean effective pressure^ j?, attained in 
\iiaHng*petrpl engines fitted with very large carburettors and piping, 
‘dofuble Valves, and high compression appears to be,- roundly, 140 lbs, 
Jjer square inch. 

The working gas is in a state of violent turbulence and by‘ no 
means at one uniform temperature throughout its volume at any 
insta^it; the “maximum mean temperature” of explosion ranges 
from about 2000° F. to 3000° F. (ordinary scale). Dr Dugald Clerk 
has rendered visible the conditions within the cylinder of an 
explosion engine by fitting a small ^glass-covered inspection hole 
in the combustion chamber. He says : ‘‘ On looking through 
this window while tlie engine is at work a continuous glare of 
^Vhite light is observed. A look into the interior of the furnace of 
a boiler gives a good notion of the flame filling the cylinder of an 
explosion engine.” 

With the simplifying assumptions whereby the es^reswon for 
the efficiency, viz. Eq. (24), is obtained, this depends only upon the 
ratio of the (ahs.) temperatures at the beginning and at the end of 
the compression sti'okc. If, then, the mixinre be I'eceived by the • 
engine in a heated condition, the elHciency is unchanged, the tem- 
perature at the end of the comprossiyn* stroke being proportionately 
increased^. And the bc.at evolved during explosion being propor- 
tional to the mass of fresh charge received, the resulting tempera- 
ti^re Ty is greater tlian when the (mgine receives a cool charge. 

Now, the sim])le theory takes no cognisance of heat loss to the 
^piston and cylinder walls during explosion, though this is of all 
^the most important source of loss of heat, and this loss increases 
with the explosion temperature, , as the cylinder barrel (in water* 
Coaled engines) is kept constantly at about 200° F. Hence practi- 
colly efficiency is diminished if the charge is heated during 
admission, owing to increased heat loss to piston and cylinder 
l^alls due to the increased exj)losion temperature. The power 
by.tput of the engine is also diminished by heating during admission 
thg charge expands, since the mms of mixture taken in is then 
'l^djioed, and consequently a smaller* quantity of heat is evolved 
combustion; air-cooled petrol engines not infrequently 
l^ome temporarily useless through loss of power occasioned by 
^iverbeatine^ in this wav. 



CHAPTER II. 

THE POWER AND EFFICIENCY OF INTERNAL- 
COMBUSTION ENGINES. 


The exact formula for the horse-power of a sini(1e-actii>g fou 
stroke internal-combustion engine having N cylinders each of 
’ inches bore and s inches stroke, and running at n revolutions pi 
minute, is established as follows : — 

Denoting, as before, the moan effective pressure in 'lbs. p 
square inch by tlie mean useful “ indicated ” force on each piste 

per cycle is ^(P x p lbs. This acts through s inches, and hence tl 

useful indicated work per cylinder per cycle is x jp x ™ foot-ll 

« « 

As there are n revolutions per minute, there are complete cycl 


per minute, and hence the useful indicated work done per cylind 
per minute ia^Pxpx foot-lbs. 

This being true of each of the N cylinders, they jointly perfor 


indicated useful work per minute expressed by ^Pxpx x ^ X 

foot-lbs. As 1 horse-power is a rate of working of 38,000 foe 
lbs. per minute, it is therefore evident that the indicated hors 
power (I.H.P.) of such an engine is expressed by : 


I.H.P. 


- ^ -N 

■ 33,000 4 ^12 2 


In the case of a double-acting four-stroke engine, and also ' 
' that of a single-acting two-stroke engine {vide pp. 177-186), the 
; is onje working stroke in each revolution, and* accordingly the I.iL 

itpi these is obtained by writing n instead of ^in Eq. (30). 

Tf indicator diagrams could be as easily taken of quick-r^n^ 

'' ' ' 82 
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petrol engines as can l>e obtained from large steam or gas engmes 
running* ‘at from .100-400 revolutions per minute, the I.H.P. of 
petrol ehgines could always be directly determined. But the 
results obtained with indicators of ordinary type used on a small 
engine running at 1000-2000 r.p.m. are entirely misleading arid 
valueless, owing to the Bilbcts of inertia, cooling, etc. Special optical 
diaphiagm indicatoi*s are occasionally employed, however, and with 
these reasonably a<teurate diagrams can be attained at speeds up 
to about ^(100 r.p.m but the optical indicator is a delicate in- 
strument, re<|uiring care and skill in flitting and adjustment, and 
is much more suited to the scientific laboratory than the engineering 
workshop test-room. 

It may here be remarked that when diagrams are taken it is 
always necessary to obtain a njcord of several succ(^ssive cycles, 
as it is found that, in general, consecutive diagrams vary somewhat 
in size and shape, so that an average must be taken in dhtenaining 
the value of the mean (dhs'tivci pn^ssure. 

Hence in practice it iiappens that the 1.11. F. of a petrol engine 
is rarely olitainable, and accordingly in nearly all power tests it 
is the brake horse-power, or “ powe.r at the Hy whe(d,” or “ shaft 
horse-power,” as it is variously tmaneci, that is determined. 

The H.p.P. may always be found easily by means of a brake 
dynamometer, of which many types are in everyday use. The B.H.P. 
is, of course, always less than the I.H.P. by the number of H.P. 
necessary to overcome the internal resistances of the engine itself ; 
the ratio of the B.H.P. to the I.H.P. is termed the mechanical 
efficiency of the engine, and is here denoted by the symbol rj ; thus, 
B.H.P. ==>/X I.H.P., and hence, by Eq. (^10), we have for the type of 
engine there considered : 


B.H.P.- 


83,000x4x12x2 


^(P rjj) ns N. 


. (31) 


Now it will be observed that, having determined the B.H.P. 
by test^ everything is known in this ejijuation but the value of the 
product This can then be at once deduced ; for by trairsposition 
we get : 


_ 1 ,008,000 X B.H.P. 
~ ns N 


lbs. per square inch. 


(32) 


* For a good de.'^cripliuii of one of these, see Dr Watson, Proc. Inst. Auto. Kng.^ ’ 
yol. iS. pp. 391-4. 


3 
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i 3 ^‘(eta-^) is usually termed the “ brake mean effective pressure ” , 
the mean effective pressure, /), is alone only determinabk ^^hen a 
value can be assigned to rj. Special experiments have beefi made at 
times to determine the value of the mechanical efficiency of petrol , 
engines,^ and the results obtained show, generally, that ri diminishes 
with increase in speed and with reduction in engine load. vi is also 
affected by the jacket water temperature, and by the nature and 
extent of the lubrication. For normal engines, at about 1000 to 
1200 r.p.m. and at full load, an average value of ;y™0*83 can be 
assumed without risk of much error. 

Piston Speed, — Tf the piston, instead oi reciprocating, moved : 
constantly onwards, the distance that would be covered per minute 
in feet is termed the piston speed, and is usually denoted by cr. 

As two strokes are made per revolution, 2/^ sti’okes are made 
per minute per piston, and hence 2ii8 inches per minute is travelled; 
expressed in feet per minute we have therefore : 


Piston speed = O' 


2n.s 

12 


ns 

6 


feet per minute. 


. (33) 


The piston speed of car and aero engines of normal type ranges 
from about 1000 to 1500 feet per minute, though in racing engines 
as much as 3000 feet per" minute is sometimes attained for short 
periods. 

Torque, or Turning Moment. — It is sometimes desired to 
ascertain the value of the mean turning effort, or “mean torque,” 
of a crankshaft of an engine of which all the data, including the 
B.H.P., are given. 

A torejue is a couple, and the unit of torque is the turning effort 
exerted by a pair of equal and parallel forces each of 1 lb. weight 
acting 1 foot apart; this is termed one pound-foot. Hence, if 
P lbs. act normally at the end of an arm I feet long, the corre- 
sponding torque, T, is given by : - 

T-Px^ Ib.-feet (34) 

The work done by a torque of T Ib.-foet when its arm turnS' 
through an angle of 0 radians is, from fig. 9, evidently given by : 

P X AB foot-lbs. 

^ { e. AB = 10. Hence the work done is also expressed 

* See, e.g.j vol. ii. of The GaSj Petrol^ and Oil Engine^ pp. 560-3 (Clerk aftd 
Burls) (Longmans, Green & Co.). 
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' * ' 

)by PW foot-lbs/ But the product VI is, by Eq. (34), the torque* T, 
in lb.-^gtt ; hence :• 

* Work done = TO foot-lbs. . . , (35)^ 

How, 71 revolutions per minute = 27 rn radians per minute, sb 
that the work done by a torque T lb. -feet making 7 i revolutions 
per minute is T x 27r'n foot-lbs., and hence the horse-power is : 

Torque horso-power . . . (36) 

I£ we equate this to the expression for the B.H.P. given in Eq. (31), 


• P 



\ 

P 

Fio. 9. — Torq^ue or turning effort. 

we obtain, on reduci ion, as the expression for the mean torque, T: 

T=: Ib.-feet. , . (37) 

Power-Speed Graphs. — Brake horse-power tests of petrol 
engines are usually made over a range of speeds, and by plotting 
the B.H.P. as ordinates against the corresponding revolutions per 
minute ‘(or piston speed) as abscissa),- a curve is obtained which 
shows how the B.H.P. varies with the .^peed. The type of curve 
obtained is shown in fig. 10, and it will be noted that at first the 
power rapidly increases with the speed, but that the rate of increase 
diminishes until finally the maximum B.HB. is reached, in this 
base at a speed of abbut 2200 revolutions per minute ; at higher 
speeds .the power rapidly falls off. The reduction in the rate of 
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growth of the power with speed apses from the rapid increase in 
the resistance offered by the piping and valves ‘to the irigijess and 
egress of gas, and to some extent also from tlie reduced mechanical 
efficiency at high speeds. . . 

Aero engines wherein the propeller is directly attached to the 
crankshaft, or to the system of rotating cylinders, usually run at 
not more than from 1000 to 1200 revolutions per minute, *due to 
propeller considerations; but racing petrol, engines fitted with 



Fio. 10. — Power-speed graph from normal petrol riigiiie. 


very large inlet and exhaust piping, double valves, and large 
carburettors are in existence, running up to 3500 revolutions per 
minute, with the B.H.P. increasing with the speed right up to this 
very high value. 

From the power-speed curve (or “ graph ”) the mean torque at 
any speed, and also the maximum mean torque, can be very simply . 

obtained. For Eq. (36) may be written B.tl.P, = whence we 

get by transpositioif and reduction : 

T = 5250xliiy-‘ lb.-feet. . . . (38y 

n * . 
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Now, in fig. 10 let P be any point on the curve; draw llie 
ordinafe.PM, and join OP, 0 being a zero origin. Then -“™?‘ = 
PM 

g-Q = tan 0; thus, by Eq. (H8^), T varies directly as tan 0; PM and 

MO must, of course, be measured to their respective scales. On 
substikiting in Eq. (88) the corrtisponding value of T is found. 
The maximum value^ of the mean torque, T, occurs when tan 0 is a 
maximum, J;hat is, when 0 is a maximum; hence it is determined 
by drawing from the oj*igin 0 a tangent to the curve. Let Q be 
the point of contact ; then the maximum torque occurs when the 
speed is ON and the power is NQ, and its value, by Eq. (88), is: 

T.„ax. = 5250,<^ lb.-feet. 

It is tlsnally found that maximum torque occurs at a .lower 
revolution speed than maximum horse-power. In the case of 
many modern high-powered small petrol engines the power-speed 
curve is for some distance virtually a straiglit line passing, if pro- 
duced, tlirougli the origin ; for this straight line part 6 is constant, 
and hence also the torque has a constiui^ value. 

One otljer point is worthy of notice. From Eq. (87) it is evident 
that for the same engine i/p varies directly as T; thus a curve 
showing the variation of torque with speed shows also, with 
merely an alteration of scale, the variation of t)p with speed. • Such 
a curve is exhibited in tig. 10. Thus the brake mean cflcctive 
pressure and also the mean torque both attain their maximum 
B H P 

value when the ratio of — ^ — ^is at a maximum. 
n 

Power Rating Formulse. — As test-bench determinations of 
brake horse-power by independent observers prior to a motor race 
were usually out of the question, a necessity was early felt for 
some formula, simple in expression and easy to use, which would 
enable the approximate normal full power of petrol engines varying 
in bore, stroke, and speed to be quickly obtained as an aid in forming 
handicaps, and also for general purposes of rating and comparison. 
Many such formulae have been proposed, and used to a limited 
extent, but that universally employed for gei^eral rating purposes 
in Great Britain — th(5ugh long abandoned as a basis for handi- 
capping — is the very simple expression first adopted in 1906 by 
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the Royal Automobile Club, and later accepted by the Treasury 
the basis for taxation purposes. _ • ‘ ^ 

From examination of a number of tests of petrol engines in 
1906, the Royal Automobile Club concluded that current good 
practice at that date would be resumed by a rating formula in 
which the brake mean effective pressure (>/^) had the value 67 J lbs. 

per square inch, with an average piston speed roundly, 

1000 feet per minute. 

Substituting 67^ for rjp, and 6000 for ns in Eq. (31) gives us, 
on reduction, the simple and well-knoAvn rating formula : 

R.A.C. or Treasury rating — 0-4rFN, . . (39) 

where d is the cylinder bore in inches, and N is the number of 
cylinders. 

This is' the formula by which petrol engines arc still nominally 
rated both for cataloguing and advertising purposes, although the 
modern petrol engine has a power output always greater, and 
frequently very much greater, than tliis formula implies. 

Further engine tests were carried out at Brooklands in the 
summer of 1912, with the object of comparing the B.H.P. developed 
by recent as compared with old engines. It was foupd that the 
1911-12 engines showed an average of nearly 50 per cent, more 
than their R.A.C. rating, whereas the older engines, i.e. prior to say 
1909, in general developed less than their Treasury rating. 

In individual cases the improvement in the 1911-12 engines 
was even more marked, three of the engines tested having a normal 
output of more than double their R.A.C. rating. The average of 
the Brooklands 1912 tests showed, however, a value of 67 i lbs. per 
square inch for r(p — exactly as implied in the old R.A.C. formula — 
but the prevailing piston speed had then risen to about 1440 feet 
per minute; hence for the 1911-12 engines a fair average ratiug 
formula would be, roundly, O Oef^N, or 50 per cent, more than that 
given by the R.A.C. rule. 

Much of the improvement in petrol engines during the pa^ 
five years (1909-14) has been due to recognition of the necessity 
of designing the engine not only as a prime mover, but also as ^ 
higlily efficient pump; the increased pump, i.e. volumetric, efficiency^ 
coupled with increased speed obtained by the use of exceedingly^ 
light reciprocating parts, enables remarkable results to be 
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Fbf example, the four-cylinder 3‘54"x5*12" Vauxball 1914 T.t 
racing; ^^gine, with a Treasury rating of roundly 20, actually 
developed 90 B.H.P. at the very high piston speed of about 3070 
feet per minute (= 5 = 3600 revs, per minute), and thus gave 4^ times 
as much power as the old formula implied. 

Aero engines in general run at a piston speed of from about 900 
to 1200 feet per minute, and exhibit values of tp ranging from 
70 to 100 lbs. per sc^uare inch ; for purposes of rough preliminary 
power estijnate the simple formula : 

• Ni)i“mal full powers O'Gfi^N . , . (40) 

will generally give results of the right order of magnitude. 

Brake Thermal EfiBlciency. — Suppose it to be found by trial 
that a petrol engine consumes w lbs. of petrol per B.H.P. hour. 
Taking the calorific value, as before, at 20,000 B.Tli.U. i>er lb., the 
engine thus receives 20,000 x w.B.Th.U. per B.H.P. hoir. Now 1 

horsc-powcr is 33,000 x 00 foot-lbs., or = 2r)45 B.Th.U. of 

work per hour; hence 20,000 X?u. B.Th.U. are expended, and 2545 
B.Th.U. of work arc obtained. The brake thermal ethciency is 
accordingly expressed by the ratio : . • 

Brake thonual efficiency . . (41) 

and in the modern petrol engine ranges in value from 0 20 to 0-27 
at normal full load, the latter figure corresponding to a consump- 
tion rate of only 0*47 lb. of petrol per B.H.P. hour. 

The Standard of Efficiency.— In 1903 a committee of the 
Institution of Civil Engineers was formed to consider and report 
upon suitable standards of efficiency for internal-combustion engines. 

This committee duly recommended : (1) That air, regarded as a 
perfect gas, should be considered as the working fluid of the ideal 
„ standard engine, with a value of 1*4 for y ; (2) That the standard 
""'engine should receive and reject its heat in as nearly as possible 
' the sahie way as the actual engine under test ; and (3) That the 
standard engine should be considered as suffering no loss from 
conduction, radiation, etc. 

■ , Hence, for a four-stroke engine, the air standard formula of 

(25), viz. 

, . . (25) 


; tJaeoretical maximum efficiency is that givcn*in Eq. 

/ly-i 

Air standard efficiency = 1 — ( j 
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where r is the ratio of compression. As 1*4 is taken for y, we 
have then : 

Air standard efficiency = l — . . . (26) 

V&lues of the air standard efficiency for values of r from to 5J 
are given in the preceding chapter. 

Relative Brake Thermal Efficiency. — Tlie bralce thermal 
efficiency as given in Eq. (41) is an absolute efliciency, and docs not 
exhibit the degree in which the actual engine approaches the 
performance of an ideally faultless engine of its own type. This 
proportion, however, is given by taking the ratio of the brake 
thermal efficiency given by Eq. (41) to the value of the air standard 
efficiency for the appropriate value of r, as found from Eq. (26). 

For example, an engine using 0 5 lb. of petrol per B.H.P. hour 
has by Eq. (41) a brake thermal elliciency of 0 2545. 

Suppose the compression ratio to be 4J ; then r=4‘5, and 
accordingly, from Eq. (26), the air standard effici(mcy is 0'452'; that 
is, if the engine were ideally perfect, its thermal efficiency would 
be 0*452. The relative brake thermal efficiency is accordingly 
0*2545 

0452* ^’^^^* Hence the ^engine is doing really better than is 

implied by the 25*45 per cent, brake thermal eliiciency, as it is 
actually turning into useful work 56*3 per cent, of the maximum 
conceivable. 

There is yet one further consideration that may be mentioned. 
The actual working substance is not air of constant specific heat, 
but a mixture of gases having an apparent specific heat increasing 
considerably with temperature. The properties of the mixture 
of gases within the cylinder have been investigated by Dr Dugald 
Clerk, who has concluded, among other things, that the "ait 
standard” furnishes values of efficiency which are quite un- 
attainable, the actual maxima values being, roundly, 0*8 of those 
given by Eq. (26). If this view be adopted, the performance of 
the actual engine is still further improved ; in the example just 
taken, instead of 56*3 per cent., the engine really realises 70*4 per 
cent, of the conceivable maximum, in the form of useful work. 

This is a very gratifying result, especially in engines of such 
small size. The great economy of these little quick-speed engines 
is a very striking and valuable feature, and ' results largely from 
their high revolution speed ; in good cases, of the whole, heat. 
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evolved by the .combustion of the fuel, 25 per cent, appears* as 
useful, wbrk, about 30 per cent, appears in the jacket %ater, and 
about 4>5 per cent, is carried off in the exhaust gases. 

A consumption of 0 5 lb. of petrol per B.H.P. hour is notv 
becoming a common performance of aero engines at normal full 
load ; this corresponds to, roundly, 10,000 B.Tli.U. of heat supplied 
to the* engine per B.H.P. hour. Adopting the proportionate ex- 
penditure just mentioned, the cooling system must be so designed 
as to deal, with 3000 B.Th.U. of lieat per B.H.P. of the engine, 
per hour. • , 

Allowing 40° F. as the rise of temperature of the cooling water in 

3000 

passing through the cylinder jackets, it follows that = 1 J lbs. 

or just one pint of water must be circulated through the jackets 
per B.H.P. minute. The heat lost by the water in the radiator 
is communicated to the air stream which passes throUgh it; the 
value *of kp for air being 0*2374 B.Th.U. per lb. ° F., it appears 
125 

further that-^ ;2^^'^ = 5-26 lbs. of air are necessary per B.H.P.’ 

minute.* At atmospheric pressure and 50° F. this mass of air has 
a volume of nearly 70 cubic feet. • • 

So that about 70 cubic feet of air are necessary for cooling 
purposes per B.H.P. minute. Thus in direct air-cooling the bulk of 
ail: necessary is very great, and hence it is not surprising to tind 
that aero engines, especially of the fixed-cylinder air-cooled type, 
not infrequently give trouble from overheating. 

Volumetric EflBlciency. — This is the ratio of the volume of 
charge taken in per suction stroke — estimated at normal tem- 
perature and pressure — to the volume displaced by the piston 
per stroke. 

For the complete combustion of 1 lb. of average petrol to 
COg and HgO, roundly 15 lbs. of air are theoretically necessary. 
Actual tests of engjines, however, seem to show that about 1 4 lbs. 
is sufEtiient, the ' combustion being apparently not quite so com- 
plete as theory assumes. 

, The range of mixtures that may be used in petrol engines is 
from about 11 to 17 lbs. of air per lb. of petrol, but 11 : 1 is a very 
rich mixture, and ordinarily the range is narrower, say from about 
12 to 15 lbs. per 15. Maximum thermal efficiency is attained 
with a. dilute mixture, of the order of 17:1, whereas maximum 
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pother occurs when the mixture is a little “ rich/’ With 
mixtures there is an excess of oxygen present, and the'.e^au^fc' ' 
cjontains no carbon monoxide; with rich mixtures thfere is, A), 
deficiency of oxygen, some CO appears in the exhaust, and thus,, 
some of the available heat of the fuel Is wasted. 

For ordinary normal full load working it may generally . 
be assumed that the mixture is about 13| lbs. of air per lb. 
of petrol, and that the 14^ lbs. of mixture has a volume of 
13Jxl3+4 = say 180 cubic feet at ordinary temperature and 
atmospheric pressure. 

Suppose a test to show that an engine using a W: 1 mixture, 
consumes w lbs. of petrol per B.H.P. hour. Let P be the B.H.P. * 
per cylinder. Then each cylinder receives t^PW + ^’P, that is, 
taP(W4-l) lbs. of mixture per hour, and this has a volume, 
at ordinary pressure and temperature, of, roundly, it;P(13W + 4) 
cubic feet. ' 

If (T denote the piston speed in feet per minute, and A 'be the 


area of the piston in square feet, then ^ is approximately the 


volume of the “suction cylinder” in cubic feet per minute,* so thaP 

A • 

60 X ^ , that is, ISo-A, is it*s Volume in cubic feet per hour. 

Hence, if X denote the volumetric efficiency, we have : 


'm;P( 13W+4) 
■ 15o-A 


(app.). 


. (42) 


The practical difficulty in using this formula arises from the 
fact that W — the number of lbs. of air used per lb. of petrol — is 
rarely determined. It may be found by direct measurement of the 
ingoing air, but can be more readily found, approximately,’' by an 
exhaust-gas analysis used in conjunction with a diagram due to 
Dr W. Watson.^ 

Volumetric efficiency diminishes as the revolution speed is- 
mcreased, owing to increased resistance to the passage of the work-*, 
ing gases through the engine. In modem engines with large valv^ - 
and piping the volumetric efficiency is not only high, but is 
maintained at high revolution speeds. The earlier designs, howevAii'/ 
^ve values which diminished rapidly with increase of speed, aa tt' 
^own by the Table hereunder: — 

e Proc. Inst. Aut. Eng., vol, iiL p. 420, 
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Vaeiation op Voluaibtrio Epficirncy with Speed — 


PE'moL Engines of 1906-8. 




Bore ill 

StroVe in 

Revs, per 

Volumetric 

inches. 

inches. 

inimite. 

etiiciendy. 

3-56 

611 

720 

0’65 



1000 

0-53 



1220 

0-40 

4*62 . 

5-08 

•530 

0-83 



930 

0-G9 

3-35 

4-73 

500 

0-78 



1000 

0-()9 



1300 

0-63 


Tke remarkable increase in power output in modern petrol 
engines, due mainly to the maintenance of high volumetric 
efficiency at very high revolution speeds (3500-4000 per minute), 
is exhibited clearly by a statement of the power developed per pint 

(or litre if preferred) of total piston di.s’J)lacernent, ^d-6*N. 

Early engines gave, roundly, 4 to 5 B.H.P. per pint of displace- 
ment; modern quick-speed small touring-car engines give 7 to 8 
B.H.P. per pint; while racing engines, in many cases fitted with 
double valves, give from 14 to 18 B.H.P. per pint, this latter 
figure being attained with large double valves placed in the 
cylinder heads. 



CHAPTER III. 

AERO ENGINES. 

Some general considerations ; the necessity for ligjitness ; 
the Atlantic flight; leading particulars of the aero 
engines of 1910. 

Petrol engines are used for the propulsion of two distinct classes 
of air-craft, 'viz. : — 

1. Dirigibles, or liglitcr-than-air machines. 

2. Aeroplanes, or heavier-thaii-air machines. 

. The engines of the huge and somewhat unwieldy and hapless 
“dirigibles” have in general a high power output; for example, 
the Zeppelin L. IL, so disastrcusly wrecked on 17th October 1913, 
was propelled by four engines each of 200 horse-power. In these 
engines the necessity for extremely low weight per horse-power is 
not so pressing as in the case of aeroplane engines, and they can, 
and often do, follow more nearly the normal car type of engine, 
lightly built but sufficiently robust to ensure a reasonably long 
working life without requiring a disproportionate amount of 
special care and attention. 

In the case of the aeroplane it is, however, of much importance 
that the engine weight per horse-power be kept at the lowest 
possible value, for the following five reasons : — 

1. To confer the ability to climb rapidly. 

2. To reduce gross weight and thus improve tjie “gliding angle.” 

3. To increase safety when flying in a high wind. * 

4. To enlarge the radius of action of the machine. 

5. To give the aeroplane as wide a range of flying speeds as 
possible. 

1: An aeroplane must be capable of climbing rapidly, in ord^er 
that it may clear the earth within as restricted a distance as 
possible— as, for example, if located in a small field surrounded by 

* -54 - 
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trees. Again, in warfare rapid climbing is essential to enable 
the ^iv^hine to remove itself quickly beyond the range of the 
enemy’s guns, or to get above a hostile aeroplane. 

For the purpose of illustration one may take the following ’as 
average data for an ordinary monoplane : — 


Weight of machine, light 

1100 lbs. 

Weight of pilot and mechanic .... 

850 

Petrol (7 gallons per hour) and oil (li gallons 


pef hour) for 4| hours’ flying 

300 

’ Initial gross weight 

= 1750 lbs. 

Mean gross flying weight 

1600 lbs. 

Brake horse-power of engine .... 

75 

Mean full flight speed, miles per hour 

60 

Total supporting area in square fe(‘t 

300 

Mean rate of wing loading, lbs. per square foot 


Gliding angle 

1 in 6 


Hence : 

Weight of machine light — (roundly) 15 lbs. per B.H.P. 

Mean „ „ loaded = „ 21 J „ „ 

* » . 

When flying at normal speed the machine experiences a total 
resistance to its horizontal motion of, roundly, one -sixth of its 

weight, or ■^^^ = 267 lbs. Hence the effective horse-power must 

, 267x60x5280 . n n? • f 

be — =4)2*8; assuming a propeller efficiency of 70^ 

oO X oo,UUU 

per cent., the engine output for normal horizontal flight must be 

Any engine power in excess of this is available for climbing 

purposes, and the greater the available excess for the same gross 

weight of machine— -that is, the lighter the engine is for its power — 

the greater is the fate of climbing. 

We have here, on the data assumed, a margin of (75 — 61) = 14 

B.H.P. or 0*7 X 14 = 9*8 effective horse-power available; accordingly, 

. neglecting vertical resistances, the mean climbing rate will be 

9-8x33,000 oAAr i ^ 

, ... =200 feet per minute. 

" * A better averagely good value of the propeller efficiency would be 60 per cent 



46‘ AERO ENGINES. 

S, A good gliding angle implies a low loading per square foot 
of wing area. Lilienthal’s glider at Rhinow in 1893, with aMqading , 
of only lbs. per square foot, had a gliding angle of 1 in 8.,' In 
normal monoplanes from 4 to 6 lbs. per square foot is usual, the " 
corresponding gliding angle being about 1 in 6; thus, from an 
altitude of 1 000 feet the pilot has a choice of alighting anywhere ' 
within a radius of rattier more than one mile upon the earth feelow. 
Descent is usually made with the propeller revolving idly, so that 
the engine may be at once switched on if required. 

The lighter the engine the lower the wing loading per square 
foot, and hence the better the gliding angle. 

3. When flying in high and variable winds the engine power 
maintains the necessary velocity of propulsion relatively to the avr, 
whereas the usefulness of an aeroplane is dependent on the velocity 
of which it is capable relatively to the earth \ hence a high air- 
speed is necessary, some builders holding that the engirie power 
provided should suffice to give an air-speed equal to twice that of 
any wind likely to be encountered, so that, on this view, it would 
. be necessary to design for a maximum air-speed of, roundly, 100 
miles per hour in this country. 

As the power, coiteris pavihus, varies as the cube of the air- - 
speed, a high power is again clearly essential, and this must be 
associated with the least possible weight. Great power and low 
weight are also needed to enable the aeroplane to accelerate rapidly^ 
when flying up-wind, so as to retain a steady horizontal course 
when lulls occur. 

A considerable reserve of power, combined with small mass, is 
especially necessary to enable the machine to be turned quickly 
from an up- wind to a down-wind direction when the wind is high 
in order that it may rapidly acquire the large addition to its kineti( 
energy implied by its necessarily increased speed relatively to th< 

. earth when running down-wind. 

Thus, with the data as above, and in a 60,m.p.h. gale, if th( 
aeroplane be flying up- wind at an air-speed of 70 rn.p.h. its»€ar<A 
speed will be only 20 rn.p.h,, and its kinetic energy accordingly 

— X 1600 X (29-3)'' = 21,377 foot-lbs. 

If the least air-speed necessary for horizontal flight be 40 m.p.h. 
on turning and running down-wind the earth-fepeed of the machim 
' must be at least (50 -1-40) = 90 rn.p.h., and hence the kinetic e^©.^ 
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imuijt be increased to 432,900 foot-lbs., roundly. .This increase 6f 
■ 411,^23, foot-lbs. of energy must be supplied by the engine, wliich 
must thus be capable of developing a considerable excess of power 
to enable this manoeuvre to be rapidly performed. Assuming in * 
this case that 10 effective horse-power is available, this would, 

mteris paribus, enable the turn round to be made in . 

m > 10x»33,000 

about IJ minutes. 

4. A large radius of flight without descending to the earth 
to replenish the fuel and oil tanka is obviously, in general, an 
important desideratum. Long-distance flights over seas — as, for 
example,* Garros’ crossing of the Mediterranean in September 1913 
(about 460 miles in 8 hours) — are only possible when the maximum 
of power output is combined with the minimum of weight. 

In 1907 F. W. Lanchester^ estimated the maximum possible 
range of -flight at that time as only 360 miles; much progress has, 
however, been made since that date, and in 1913 M. Seguin made 
a non-stop flight from Paris to Bordeaux and back, the distance 
being, roundly, 650 miles and time occupied 13 h. 5 m.; thus the 
average earth-speed was, roundly, 50 miles per hour. 

The Atlantic Flight. — The extreipe difficulty of achieving a 
non-stop flight across the Atlantic Ocean in the present state of 
' the art of flying is apparent. A. E. Berriman in 1913 ^ discussed 
the possibility of success, assuming 100 B.ll.P. available, and that 
the aeroplane, light, weighs 15 lbs. per B.H.P. ; the weight per 
B.H.P. is then made up as follows : — 

Lbs. per B.H.P. 

Aeroplane, light . . 15 

Two pilots, 300 lbs 3 

18 

The petrol consumption is taken at 0*5 lb. per B.H.P. hour, and the 
oil luay be assumed as 0*1 lb. per B.H.P. hour. The total distance 
to be traversed is, roundly, 2000 miles, and at 70 m.p.h. will occupy, 
roundly, 30 hours; hence 30(0*5 -f- 0*1) = 18 lbs. of fuel and oil must 
< be carried per B.H.P. .Thus the total load per B.H.P. at starting 
' Would be 18-1-18 = 36 lbs. ; this would be gradually reduced, during 
..the journey, to 18 lbs. ; the mean load per B.H.P. throughout would 

1 AerodynarrmSj § 219. * Aviation, pp. 301-2. 
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thus be 27 lbs. The resistance being assumed at the usual value of 
one-sixth of the weight, tliis would’ correspond to a head resistance, 
at starting, of 6 lbs. per B.H.R, and an average throughout of 
4.J lbs. per B.H.P. 

6 lbs. resistance at 70 ni.p.h. re(|uifes an effective horse-power of 


70x5280x6 
60 X 33r000 


= l'i2, so that, on the assuirieil data, success would 


be impossible, as the propeller etliciency would have to bo greater 
than unity. 

At the mean value of Jbs., the effective horse-powtu* required 
would be 0*84, which is still an unattainably high propeller 
efficiency. 

Berriman is of o 2 )ininn that the most promising direction of 
improvement is that of nKlucing the resistance of the fuselage, 
landing chassis, stays, etc., so that the resistance of the whole 
machijue at 70 m.p.h. may Ixicomo appreciably less tlian the present 
average value of 1 : 6 as assume k 1 above. 

The ratio of resistance to lift for the wings alone is ordinarily 
about 1:10; the body or “fuselage,” landing chassis, stays, etc., 
add to the weiglit but contribute nothing to the lift, and thus for 
the whole machine the ratio^^of resistance to lift is usually about 
1 : 6. Mr F. W. Lanchester (James Forrest Lecture, 1914), indeed, 
states that the ratio of resistance to lift of the wings alone may 
be as low as 1:12 or 1 : 14, and that values even less than these 
are now realised in existing machines. 

With reference to body resistance, he also states than in present- 
day aeroplanes this resistance is commonly equal to that of at 
least 5 square feet of normal plane, but he considers that by con- 
tinued experimentation it may be reduced to that of only 1 square 
foot of normal plane, while the chassis, stays, and remainiE^ 
resistances jointly need not necessarily exceed the equivalent of a 
further 2 square feet, making 3 square feet in all. 

In the above calculation, let the resistance-lift ratio for the 
wings be taken as 1:1 2, and the resistance of the body, j^hassis, 
stays, etc., be jointly equivalent to that of a normal ple^ne of 
4 square feet in area, which is about 60 lbs. at 70 m.p.h. 

Then, at starting, there is per B.H.P., on the assumed data, a 

wing resistance of ^"'=3 lbs., and a body resistance of 2 ^ = ^’6 lb./ 


or a total of 3*6 lbs. 
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To overcome a resistance of 3*6 lbs. at 70 m.p.h. demands* an 

^ t .3-6x70x5280 xv x xi. 

effectiw borse-power of 33 " 0 qq" =0-672, so that the propeller 

efficiency would have to be 67-2 per cent., an attainable value. 

Hence it would appeal ‘that the successful crossing of the 
Atlantic is just within the realm of possibility with resistances 
reduced to the extent indicated. 

One favourable circumstance remains to be pointed out. It 
fortunately happens that when very long distance flights are con- 
templated the engine weight per B.H.P. becomes of relatively less 
importance than in normal circumstances. The reason of this is 
that for .great distances the necessary weight of petrol and oil 
carried exercises a dominating influence; it will be noted in the 
case above taken that the petrol and oil have jointly a weight 
equal to that of the aeroplane and its two pilots. Now, an additiem 
of 3 lbs. .weight per B.H.P. would enable a stoutly built yratei 
cooled « engine, more economical in petrol and oil tlfhn above 
assumed, to be used for the propiilsion of the macliine. Thus the 
initial load per B.H.P, would only be of the order of about 38 lbs., 
and thq total resistance at starting about 3'77 lbs.; the corre- 
sponding propeller efficiency necessary would then be, roundly, 
70 per cent. 

5. Range of Speed. — For a given gross weight, wing area, 
and angle of incidence, there is a corresponding definite velocity, 
and consequently power, necessary for the maintenance of hori- 
zontal flight. If the power developed be less than this value, the 
aeroplane will descend ; if greater, it will pursue a rising course. 
Aeroplanes having only just about sufficient power to maintain 
horizontal flight have been frequently observed in racing contests 
.where pilots have reduced the wing area prior to the race. Re- 
duction of wing area necessitates a greater velocity to maintain 
horizontal flight, and in the limit one gets a single-speed machine 
with no reserve of power. Such machines are dangerous, firstly, 
because^ any weakening of the engine necessitates descent, and an 
engine stoppage may involve descent at so steep an angle as to 
result in disaster ; secondly, because the maximum speed must be 
attained before the aerbplane will leave the ground, which makes 
starting difficult, and requires a great distance over which the 
machine must “roll”#; and thirdly, because the landing speed 
becomes too high for convenience, or even for safety. Hence, 

4 
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aga*!!!, it is seen tliat a reserve of power is necessary, i.e. as low 
a ratio of gross weight to maximum power as is possible. 

The 1913 Gordon-Benriett Cup was won by a Deperdussin 
monoplane fitted with a 160 H.P. Gnome engine, at the enormous 
average speed of ]24| miles per lio'ur; this was achieved by a 
mat(n*ial reduction in the wing area prior to the contest, and 
involved considerable risk to the pilot. Under the new rules of 
this competition each aeroplane must prove its ability to fly at a 
speed of only about 42 miles per hour before it will be allowed to 
participate in the contest. The specification of the Royal Air- 
craft Factory for the R.E.L reconnaissance aeroplanes re(|uires 
these machines to possess a range of flight speeds from 48 to 78 
miles per hour. 

Thus, for normal service, there is an overwhelming case for as 
light an engine as possible in aeroplane construction; this necessity 
involves ougines of delicacy and fragility which require in general 
a very lai'ge amount of skilful attention, and frequent dismantling 
for adjustment and renewals of parts ; such engines are necessarily 
also expensive in first cost and in maintenance. 

Many of the early attempts at mechanical flying were made 
with engines of very sm^vll^ power ; in the early part of 1909, 
A. V. Roe, for example, fitted one of his triplanes with a 10 H.P. 
J.A.P. engine, and succeeded a little later in actually flying 
with only 14 H.P. Experience soon proved, however, that 
much more power was necessary, for the reasons already given. 
Again, Bleriot’s famous flight across the English Channel on 
25th July 1909 was accomplished in a small monoplane fitted 
with a three-cylinder air-cooled “fan’' type Anzani engine of, 
roundly, 25 horse-power {vide infra). Tlie gross flying weight 
was only about 650 lbs., wing area 150 square feet, angle of 
incidence about 8°, and average speed of crossing about 40 miles 
per hour. 

Assuming the total resistance as one-sixth of the gross weight ^ 
gives, roundly, 110 lbs. resistance overcome at 40 m.p.^j., thus 
requiring 11 J effective horse-power, or, taking | as the propeller ' 
efficiency, a necessary brake horse-power of about 17^. It is thus 
clear that under exceedingly favourable circumstances, e.g. in still- 
airy a quite small power may suffice ; but such favourable circum- 
stances rarely occur, and the ability to fly with safety when 
the atmosphere is in its usual turbulent condition necessitates 
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the provision of about four times as much power as M. B16riot 
employed. 

The demand for a light and powerful motor quickly produced 
a large number of V(iry^ ingenious and beautifully constructed 
engines; so early as 1910, J. S. Critchley^ tabulated particulars of 
the principal aero engines then on the market. The accompanying 
Table is based on Critchley s collection ; the figures in the column 
headed “Brake horse-power” are derived from the “ S.M.M.T. 
rating formula:^ 

B.H.R=:= -197(6?- I)(2r24-^0N . . . (43) 

and not'from actual test. 

In addition to these there were also in 1010 several aero engines 
of unusual type, as, c.r/., the very ingenious four-cylinder rotary 
Buriat engine, in which both the cylinders and the crankshaft 
revolved, the rate of crankshaft revolution being double that of 
the c;^linders ; and again, the circular Beck rotary motor-, in whicli 
the pistons not only reciprocated but also pai-took of the rotary 
motion of tlie annular cylinder within which they worked.^ 

The brake horse-power being estimated by formula and not 
ascertained by test, tire figures given^for weight per B.H.P. must be 
accepted with reserve. The formula gives a reasonably good ap- 
proximation to the normal output of the usual fixed-cylinder type 
of engine, but credits the air-cooled rotary type with too great a 
power, as in these engines the volumetric efficiency is, in general, 
low, and there is further a notable loss of power occasioned by the 
air resistance to the rapid rotation of the cylinders. 

Broadly, all the horizontal, diagonal, and vertical engines of 
which particulars arc given were water-cooled, while those of 
radial and rotary type were air-cooled; of the 76 engines men- 
tioned, 56 were water-cooled and 20 air-cooled. 

The average estimated B.ll.P. was considerably less than in- 
creased experience,h«-s now shown to be necessary. The following 
brief summary exhibits the average B.H.P., weight per B.H.P. , and 
other particulars of the five classes to which the engines are 
referred : — 

' ProG, Inst. A. A’., vol. iv. 

2 This rating furmula^i^ no longer used. * 

5 For a further account of these engines, vide Pfoc. Inst. A. A., vol. iv. pp. 52-56 
and ; and for the Buriat, the last chapter of this book. 
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Summary op 1910 Aero Engines. 


j 






Average 

' 

Number of 

Prevailing 

Average 

weight in 

Type of oiigiiio. 

engines in 

cooling 

esti muted 

lbs. per 

claSvS. 

syhtem. 

n.H.p. 

estimated 




B.R.P. 

Horizontal. 

10 

Water 

55-0 

6 0 

Radial 

12 

Air 

.39-2 

4*7 

Diagonal . 

25. 

W atcr 

57-4 

5-3 

Vertical 

24 

n 

5G-1 

70 

Rotary 

5 

Air 

()l-2 

2-8 



CHAPTER IV. 

HORIZONTAL AERO ENGINES. 

Horizcftital Aero Engines. — Tlie oppoHed two-cylindered four- 
stroke single-acting horizontal engine with two cranks at 180 
(fig. 11, at A) has frequently been j^roposcd both in car and aero- 
plane service, but notwithstanding its excellent balance, combined 
with the advantage of a working impulse every revolution, it has 
not become established save in one or two special cases, as, for 
example, that of the well-known Douglas motor cycle. 

The opposed horizontal cylinder arrangement produces a long 
and somewhat bulky engine, rather difficult to fit between the front 
members of a car chassis, and this^pj-obably accounts largely for 
its neglect in automobile practice. In aeroplane service the com- 
paratively large power necessary would involve two rather large 
cylinders, and would render difficult — without the objectionable 
addition of a flywheel— the maintenance of the extreme steadi- 
ness of motion demanded by the air propeller, which practically 
necessitates the employment of a larger number of cylinders in- 
dividually of small bore. 

The horizontal arrangement has also been adopted with four 
cylinders, the disposition being as indicated in fig. 11 at B; it will 
be noted from the table of aero engines in the preceding chapter 
that both Messrs Darracq and Dutheil-Chambers in 1910 marketed 
aero engines of the horizontal opposed two- and four-cyliiidered 
type.# In the four-cylindered engine there is again an excellent 
balance, and two impulses every revolution are obtained; ob- 
viously, however, the engine is much longer than the ordinary 
four-cylinder vertical type. 

Occasionally the four-cylinder horizontal opposed engine ha£ 
been “ twinned ” by the addition of a second set of four cylinders 
in* a plane at right angles to the first, and operating on the same 

63 
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cranks, as illustrated in fig. 11 at C ; in this case the eight cylinders 
furnish four working impulses per revolution, with a most excellent 
balance. The addition of the second set of cylinders, however, 



Fig. n. — Arrangements of horizontal opposed engines. 


brings the arrangement within the class of “ radial engines,” The 
Oobron-Brilli6 Company built such an eight-cylindered engine, each 
cylinder being open at both ends and fitted with two pistons and 
connecting-rods, agreeably with their well-kno\vn practice. 

Fig. 12 shows an external view of the engine by aid of which,- 
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on 16th September 1909, Santos Dumont flew from St Cyr 
to Buc, a distance of about 10 miles, in 15 minutes on his tiny 
aeroplane “Demoiselle.” This was one of the smallest machines 
that has succeeded in actually flying; the span of the wings was 
bpt 18 feet, chord 6^ feet, a’nd extreme fore-and-aft length 20 feet; 
the total weight, exclusive of the pilot, was 242 lbs., of which the 
engine weighed about 120 lbs.; the two-bladed propeller was 
6' 6" in diameter, and was keyed on to the engine crankshaft. 

The engine (figs. 11, A, and 12) was one of the 5-12" x 473*' 
two-cylindered opposed horizontal 25.11.?. Darracq type, without 



Fig, 12. — Two-cylinder horizontal opposed Darracq engine. 

flywheel, and revolved normally at 1500 revolutions per minute. 
The cylinders were of steel, machined from solid ingots and fitted 
with "copper jackets hard soldered in place; the valves were 
located in the cylinder lieads and operated by push-rods and 
rockers. Auxiliary exhau.st ports consisting of a row of holes about 
in diameter we^e provided in the cylinder walls and overrun 
by tho pistons when near the end of the stroke ; these gave in- 
creased freedom of exit to the burnt gases; tliey are shown in 
the illustration. 

One carburettor only was provided, a long induction pipe 
connecting this to the outer end of eaclw cylinder as sliown; 
ignition was by high-tension magneto, the machine being fitted on 
.top of the crank-chamber; the cooling water was circulated by a 
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pump. The engine was lubricated by oil sprayed into the crank- 
chamber by means of a suitable pump. . ^ 

The Dutheil-Chambers engines were generally similar to the 
above ; the two-cylindered engine was sometimes furnished with a 
steel flywheel with wire spokes, in order to steady the motion; 
the cylinders were attached to the crank-chamber by long steel 
bolts passing through bridge-pieces placed across the combustion 
chambers, thus relieving the working barrels of the cylinders from 
longitudinal stress due to the explosions. This feature appeared 
also in the opposed horizontal *‘Alvaston” engines, the bolts in 
this case being of vanadium steel; auxiliary exhaust ports were 
also provided in the Alvaston motors. An a-ir-cooled two-cylindered 
horizontal opposed engine was made in Germany by Palons & 
Reuse; this was a light engine with hollow crankshaft and 
automatic inlet valves ; these and the exhaust valves were located 
in the cyllfiider heads, the exhausts being opc»-ated by push-rods 
and rockers. Here also the light cast-iron cylinders were attached 
to the crank-case by long bolts passing through lugs cast on the 
outer ends of the cylinders ; two carbui*ottors were fitted, attached 
directly to the combustion chambers. In order to reduce the 
weight to the uttermost, lightening holes were drilled along the 
webs of the connecting-rods and even also of the valve rockers. 
As already stated, however, the opposed horizontal type of engine 
is now abandoned for air service. We proceed, therefore, to some 
consideration of a more popular type characterised by a star-wise 
disposition of the cylinders. 



CHAPTER V. 

RADIAL AERO ENGINES. 

Radial 'Engines. — A wholesome fear of the evils resulting 
from excessive cylinder lubrication resulted in the early radial 
engines exhibiting a fan-like arrangement of the cylinders, the 
axes of all being inclined upwards from the crankshaft; the best 
known of these were produced by Anzani and Robert "R. Pjlterie. 
The fan-type has not survived, increased experience having shown 
that with carefully designed forced lubrication the cylinders may 
be symmetrically disposed around the crankshaft without any fear 
of those below the horizontal becoming flooded. 

A sectional view of the 25 H.P. tlkrte-cylinder fan-type Anzani 
aero engine appears in tig. 13. This engine is worthy of special 
mention, as it was used by M. Clei-iot in his memorable flight across 
the English Channel on 25th July 1909; the engine drove a two- 
bladed propeller, and the output was about 25 B.H.P. at 1400 
revolutions per minute. 

Prior to constructing aero engines, M. Anzani had already 
become well known as a builder of cycle motors, and inspection of 
flg. 13 shows at once the influence of this previous experience, 
his aero engine closely resembling a three-cylinder cycle motor. 

It will be noted that the air-cooled cast-iron cylinders are fitted 
with valves in a pocket at one side, the inlet valves being of the 
automatic variety, long abandoned in car and cycle practice, while 
the exhaust valves are operated in the usual manner, each having 
its own short half-speed shaft, gear-wheel, and cam, as shown in 
the central drawing of fig. 13. 

In almost all aero engines at the present date (1914), the 
valves are placed in the cylinder head; some designs still retain 
the automatic type of inlet valve, but it is probable that this will 
gradually disappear, as has been the case in other directions. 




Fi<?. 18. — Sectional views of three-cylinder Anzani fan -type enj^ne 
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The fan type of engine is obviously badly balanced, and to 
r^duce^the cyclic speed fluctuation it was necessary to use the two 
heavy internal counter- weighted flywheels shown. It is clearly 
very undesirable to use for aeroplane work a type of engine 
requiring balance weights, an important reduction of weight being 
attained by employing a seK-balanced engine. 

The bore of this engine was 3’94'' and the stroke 5'92" ; hence 
at 1400 revolutions per minute the piston speed was 1380 feet 
per minute, and the output oC 25 B.H.P. implied a brake mean 
effective pressure of 65 J lbs. per square inch (Eq. 32), which 
is low compared with values now commonly attaiTied, and resulted 
from diminished volumetric efliciency due to the automatic inlets 
and small valve diameters. 

The petrol consumption is stated to have been 0 6 lb. per 
B.H.P. hour, corresponding to a brake thermal efliciency (Eq. 41) 
of 212 per cent., a creditable result for this design. 

The* three cylinders were all in the same transverse plane, the 
three connecting-rods actuating a common crank-pin, as shown; 
two of tile three«*ods were necessarily forked ; plain bearings were 
employed throughout. 

The weight of this engine, indiicing the usual immediate 
accessories — carburettor, magneto, etc. — was 140 lbs., corresponding 

to ^^ = 5’6 lbs. per B.H.P., a high figure for an air-cooled aero 

iuO 

engine, and due to the design involving the necessity of two 
massive flywheels. 

The cylinders were placed at angular distances apart of 72°. 
Suppose cylinder A to fire ; cylinder C next fires, when the 
crank-pin has moved through 144° measured from A; cylinder 
B fires when the crank-pin has described 360-1-72 = 432° from A; 
then at 720° A fires again, and the sequence is repeated. Thus 
impulses occur at 0°, 144°, 432°, and 720°, measured from A’s 
axis, and the interviils between consecutive impulses are unequal, 
being in the ratio 1 : 2 : 2 : 1 ; this is, of course, a disadvantage, 
and- involves extra flywheel mass to reduce the cyclic speed 
fluctuation. 

Ignition is by high-tension magneto, the armature being driven 
at IJ times the crankshaft speed. Thus th» magneto makes 2J 
/tevolutions, and so gives 5 filing sparks, during each two revolu- 
tions of. the crankshaft; these sparks occur at angular intervals ^ 
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720 

of crankshaft motion of —^ = 144°; the first, second, and fourth 
5 

of theSe are operative, and the third and fifth idled 

An external view of the engine, showing the carburettor and 
inlet piping, is given in fig. .14. 

Water-cooled fan -type Anzani aero engines were also built, 
one design having six C 3 dinders grouped in three pairs. 



Fig. 16. — External \iew uf .six-cylindcr Auzani engine. 


The present design of the three-c^dinder Anzani aero engine is 
shown externally in fig. 15; it will be seen that the cylinders are 
now syjnmetrically arranged, 120*^ apart, with the results that the 
balance is greatly improved, and the working impulses occur at 
equal angular intervals of 240° of crankshaft revolution. This 
is known as the Y-type design. By associating together two of 

* In some cases the cylinders were placed only 60* apart ; the impulses then 
occurred at crankshaft angles, mtastired from A, of 0“, 120", and 420 , so that the 
interval between impulses were more unequal, being as 1 : 2*6 : 2*5 per cycle. 
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these engines, the crankshaft having a double throw, with the 
throws at 180°, a six-cylinder radial engine is produced; ^uch an 
engine is shown in external elevation in fig. 16. The two cylinder 
groups are slightly “staggered,” the three pistons in each group 
acting directly upon one crank -pin. 

Messrs Anzani build also engines having five radial cylinders all 
in one transverse plane and operating on one crank-pin, and they 
associate two such engines together, acting upon a double-throw 
180° crankshaft, and so obtain a ten-cylindered combination. They 
have even gone furtlier than this, and have duplicated the ten- 
cylindered arrangenient, forming a twenty-cylindered, ^tyo-throw 
crank, 200 B.H.P. engine, each crank-pin being connected to two 
groups, each of five pistons. 

An external view of a ten-cylindered engine fitted to the 
framework of an aeroplane is shown in fig. 17 ; it will be noted 
that the attacliment is made by means of the ten crank-case 
bolts. 

The Table hereunder gives the leading particulars of the range 
of air-cooled Anzani aero engines for 1914 : — 


Particulars of the 19li <Anzani Aero Engines, as furnished 
BY THE Makers. 


Noniiaal 

H.P. 

N(», of 
cylm- 
(iera. 

CyliniUT 

grouping. 

Rine 
' in 
inches. 

Stroke 

in 

inches. 

Revs. 

per 

ininnto. 

Weieht 
in ll»s. 

K. 

I.ist 
price 
in £ 
per 
n.p. 

Lbs. of 
petrol 
per 

H P. 
hour. 

Gallons 

of 

luliri- 
cating 
oil per 
hour. 

Piston 

speed, 

feet 

per 

minute. 

Value 
otvp 
in Ibi. 

per 

square 

inch. 

30 

3 

One 

4-14 

4*73 

1300 

4*0 

6 33 

'64 

0 5 

1025 

95*7 

40-45 

6 

Two of 3 

3-64 

4-73 

1300 

3 6 

6-65 

'61 

0-7 

1026 

92 '8 

60-60 

6 

,, 

4T4 

4-73 

3300 

3-6 

6*80 

•52 

I'O 

1026 

87-9 

80 

10 

Two of 5 

3 -.64 

6-32 

1250 

3*0 

,6 -4 : 

■60 

1-3 

1065 

101 

100-110 

10 


i 4-14 

5T)2 

! 1200 

2 '9 

5-1 

•48 

1-7 

1100 

93 -TV 

126 

10 

Four of 6 

i 4-63 

6 '92 

: 1200 

3 '7 

r)'4 

•57 

2-3 

1185 

86-2* 

200 

20 

4T4 

1 

6-62 

: 3300 

3*4 

5 '36 

•50 

2-6 j 

1200 

82*1 


The nominal brake horse-power tabulated is the maximum 
power obtainable under normal running conditions, and thus the 
figures for weight and price per .B.H.P. appear at their lowest 
values ; it will be no^ed that the weight per B.H.P. ranges, roundly, 
from 3 to 4 lbs. only. The petrol consumption is low, averaging 
only about 0*55 lb. per B.H.P. hour, corresponding ^(Eq. 41) to a 
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brake thermal efficiency of 23*1 per cent., a very satisfactory result. 
The An^ni Company cite a trial of a ten-cylindered 100 B.H.P. 



Fig. 17. — I’afi-cylinder Auzaiii engine on aeroplane. 


engine made by the French military authorities in April 1913, 
which showed a consumption of only 049 lb. of petrol per 
the Jorresponding brake thermal efficiency being 26 per cent. ; the 
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output was 102 B.H.P. at 1210 revolutions per minute, giving a 
value of rip of 90 lbs. per square inch. Tliese figures show a re- 
markable advance upon the performance of the tliree-cylindered fan- 
type engine of 1909 already described, and make it clear that the 
reproach of extravagance in fuel consumption can no longer be 
applied to the aero engine ; as will be seen later, the efiiciency of 
all the leading types has been vastly improved within the past 
five years. 

The oil consumption is expressed in gallons per hour, and is 
still high as compared with that of the normal car engine; but 
it is to be remembered that the aero engine is required to run 
practically at full power continuously, and thus cannot l)e fiompared 
fairly with a car engine, which is rarely called upon to develop its 
maximum output in ordinary circumstances. 

The piston speed has an average value of 1090 feet per minute, 
which is somewhat lower than obtains in car engine practice. A 
value in the neighbourhood of 1000 feet per minute is common in 
aero engines for the reasons: {a) that to keep the size and con- 
sequently also the weight of the engine low an average length of 
stroke of not exceeding about 5 inches is adopted; and (6) that 
structural considerations j^r^ctically limit the speed of the air 
propellers at present used to a maximum of, roundly, 1200 revolu- 
tions per minute; hence a usual piston speed of --^—^ = 1000 
feet per minute. 

In a few instances engines are found in which the crankshaft 
revolves at about 2000 revolutions per minute while the propeller 
is driven from the half-speed shaft, the gear driving this being 
suitably strengthened to transmit the power ; this involves, how- 
ever, a loss in transmission of about 6 per cent, of the total power, 
and has not so far been much used. 

Again, for bulk and weight reduction, the pistons are only 
about Jths of the cylinder bore in length, an4 the connecting-rods 
only about SJ cranks in length between centres; in car .engines 
the pistons are commonly about IJ times the cylinder bore in 
length, and the connecting-rods 4 to 4^ cranks between centres. 
The short pistons and connecting-rods of many aero engines involve 
greater obliquity of action and increased pressure intensity between 
piston and cylinder, which tends to more r5.pid wear and thus to 
a diminished working life ; reduction of weight and bulljf are 



BADIAT4 Amo MOMS. 6S 

however^ as already explained, considerations of fundamental ira- 
^ portajice in this service. 

^ In the engines of motor omnibuses, where the duty is very 
, severe and continuous, experience has led designers to the use of 
pistons times the cylinder bore in length, i.e. twice as long as 
in these aero engines, and such pistons are, naturally, found to last 
much better in service than the shorter type used in the earlier 
engines ; tlie cylinders also have a considerably longer working life. 

Piston and connecting-rod lengths are points of much im- 
portance in design. Some experimefits with normal car engines 
have shown that piston friction alone constitutes 50 per cent, of 
the total internal friction of the engine ; increase of this friction 
involves more rapid wear and also greater heating of piston and 
cylinder. With the very thin cylinders and pistons commonly 
employed in aero engines, this increase in heating tends to pro- 
duce distortion and consequent leakage in working. 

Thft values of tj'p in the Table of Anzani engines above are very 
high in view of the fact that automatic inlet valves are used 
throughout; these valves are, however, of large diameter, in the 
cylinder head, and so are more favourably placed than in the earlier 
fan-type design illustrated in hg. 13. • 

In fig. 18 is shown a longitudinal section of one of the six- 
cylindered, 3'54'' x 4-73'', 40-45 H.P. Anzani radial engines of which 
an external view appears in fig. 16. 

Crankshaft — The hollow crankshj^ft is of nickel steel. Forced 
lubrication is provided to the crank-pins through the shaft as 
indicated, the oil supply entering at A; this involves drilling a 
radial hole in the shaft at a section through which the whole 
engine power is transmitted, which is an undesirable practice. 

Ball bearings are provided, that at the propeller end being of 
a combined journal and thrust type ; the two main bearings are 
housed in bronze sleeves which also embrace the crankshaft, so 
■ that the arrangement adopted is really a combination of ball and 
plain bearings ; it is claimed that in this way crankshaft vibrations 
at high speed are damped down. 

There are two crank-pins placed 180® apart ; on each of these 
;the three connecting-rods of the two groups of three cylinders 
operate ; the central web is bent as shown, s(f as to bring the axial 
^planes of the two threVcylinder groups as close together as possible. 

CojiTTt^ecting-rods. — The connecting-rods, B, are of high-tension^ 
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steel of H -section, and about cranks in length between centres, 
with ^ plain bronze-bushed gudgeon end. The big end formation 
of connecting-rods in engines having several pistons operating 
one crank-pin is effected in several ways, as will be seen in the 
cases of the “Salmson and "Gnome” engines described later. 
In the Anzani engines the method adopted, shown diagram- 
matically in fig. 18, is to form on each connecting-rod end a “shoe,” 
C, consisting of a portion of a hollow cylinder bounded by helical 
edges , the dimensions of these shoes, C C C, are so taken that they 
do pot come into contact when two adjacent connecting-rods of the 
group of three connected with one crank-pin are at a minimum 
relative angle. 

The three shoes of each group bear upon a cylindrical bronze 
sleeve, D, in halves, which embraces the crank-pin, and rotates 
relatively to it once in each crankshaft revolution ; the whole is 
held together by a pair of collars, E E, of tough bronze. 

The relative motion of the shoes and the bronze sleeve, D, is 
thus only that arising from the varying obliquity of the several 
connecting-rods during the crankshaft revolution. ' 

Pistons. The light flat-topped pistons, H, are of cast-iron, 
ground to fit the cylinder barrels clos(fly, and provided with cooling 
and stiffening webs on the under side of the crowns ; two cast-iron 
spring rings are fitted. Each piston complete with its rings is run 
for some time in its cylinder, by a special machine, before being 
set to work in the engine. The gudgeon pins are hollow nickel- 
steel tubes, hardened and ground, and fixed in the piston bosses 
by a set screw as shown. 

The GyZmcfcrs.— The cylinders K K are of cast-iron, with the 
usual cooling ribs, these being of parabolic cross-section ; the flat 
cylinder tops contain the conical seats of the inlet and exhaust 
yalves. The cylinders are attached to the crank-case each by two 
^long bolts connected to the through crank-case bolts at one end, 
and passing through bosses formed at the outer ends of the 
cylinders at the other, as shown at L in the lower part of fig. 18, 
thus relieving the working barrels of longitudinal stress due to 
the explosions. 

The cylinders are slightly offset (or desaxd), i.e. their axes, 
produced, do not intersect that of the crankshaft; the offsetting 
is indicated in fig. 22, and the advantages of the practice are 
mentioned on p, 77 infra. 
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The Granhcase . — The aluminium crank-case MM is in halv^^' 
connected together by long bolts, N N (see also ligs. 16 -and 17), 
which are utilised to attach the engine to the aeroplane frame, 
as shown in tig. 17. Two “breather” tubes are fitted to the top 
of the crank-case; these are visible in fig. 16. A sump fitted with 
draining plug is provided in the bottom, from which spent and - 
carbonised oil and sediment may be withdrawn at intervals. 

As already stated, lubrication is forced to the crank-pin and 
main bearings, the oil entering at A. The pistons, gudgeon pins, 
and remaining moving parts are lubricated by the oil from the 
crank-pins, which is whirled off when the engine is running, and 
maintains an oil fog within the crank-chamber. The oil-pump, 
delivering at A, is formed on the valve-gear cover, and is a simple 
form of cam-operated plunger pump, with ball valves, the delivery 
stroke being caused by the cam, while the suction is provided by 
a helical spring. Sight-feed compressed-air gauges are fitted, in 
which the level of the oil may be seen, thus showing that the 
necessary pressure is maintained and that the lubricating system 
is working correctly. 

The Anzani Company use the “ Zenith ” carburettor ^ (0, fig. 18), 
from which the carburettecl J!iir passes into an annular chamber, PP, 
surrounding the rear part of the crank-case ; from this chamber 
pipes, R, radiate to the several inlet valves (see also figs. 16 and 17). 
The exhaust gases are sometimes discharged directly into the 
atmosphere from the exhaust orifices, S, but are also sometimes led 
into a “ collector ” pipe and silenced, as shown in fig. 19. 

Ignition . — Ignition is by high-tension magneto, the machine 
employed being a Gibaud ; it is shown at T in fig. 18, and is gear- 
driven from the rear end of the crankshaft. 

The magneto gives two sparks per revolution of its armature ; 
as the engine illustrated requires six firing sparks in each two 

Crankshaft revolutions, the magneto is geared so as to run at 2 “^ 

= 1| times‘ the crankshaft speed. In the three-cylindei* Y'type 
engine illustrated in fig. 15, as only one-half as many firing sparky 
are needed, the magneto is driven at three-fourths of the crank-- 
shaft speed. Two ignition plugs are fitted to each cylinder, thus 
permitting of dual ignition if desired, and also enabling the actiti| 

^ For description, see Clerk and Burk, Thi GuSf Petrol^ and Oil EngiWf 
(London : Longmans, Green & Co.). 
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|)Itig to be the higher of the two in the lower cylinders, so as 
to l^sen the risk of defective firing occurring through over 
lubrication. 

The Valves . — The nickel-steel valves are of the cone-seated 
poppet type, of large dia'ineter, and are fitted in the flat-topped 
ends of the cylinders ; both valve scats are in the cylinder casting, 
so that, in order to examine or replace a valve, the whole cylinder 
must be disconnected and withdrawn. The inlet valves, as already 
stated, are of the automatic type long abandoned in car engine 



Fig. 19.— Anzaiii engine with exhaust ‘‘collector.** 


practice ; the exhaust valves are cam-operated through the medium 
of push-rods and rockers, as shown in figs. 16, 17, 18, and 22. The 
cam U is in one piece with its driving pinion V, and, as shown in 
figs. 18 and 22, runs on a large plain bearing formed by the outer 
surface of the extended bronze sleeve Y ; it is driven from the 
pinion W through two intermediate gear-wheels arranged as indi- 
cated in fig. 22 ; one of these intermediate gear-wheels, X, running 
at half crankshaft speed, operates the oil-pump and carries an 
extension to which a revolution counter is attached ; the cams and 
driving gear are completely encased, as shown in the two illustra- 
tionQ referred to. The cam U actuates the nush-rods through the 
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medium of case-hardened and ground steel tappet rods running in 
bronze guides; each tappet rod carries a hard steel roller at its 
inner end to reduce friction. 

The cam arrangement is extremely ingenious and demands 
detailed explanation. It is necessary to 'establish first the proposi- 
tion that in single-acting four-stroke radial or rotary engines in 
which all the pistons act upon one crank-pin there must be an odd 
number of cylinders if the working impulses are to occur at equal 
angular intervals of crankshaft (or cylinder) revolution. The 
necessity for an odd numbcfr of cylinders to each crank-pin is 



FitJ. 20. 


most easily realised by considering fig. 20, in which cases of 
radial engines having eight and nine cylinders respectively are 
contrasted. 

Firstly, it is clear that the cylinders must not be arranged to 
fire consecutively, as in this case, being single-acting and four- 
stroke, all would fire in one revolution, with an idle revolution 
following ; they must accordingly be set to fire alternately. And 
if they fire alternately, examination of fig. 20 will show that for 
impulses to occur at equal angular intervals the number pf cylinders 
must be odd. 

For, taking the case of the eight-cylindered engine, the order 
of firing would be 1, 3, 5, 7, 2, 4, 6, 8, 1, etd ; hence the interval 
between 7 and 2 would be times the average, while that between 
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8 and 1 would be only one-half the average; thus the ijiipulses 
woul(^ occur unsymmctrically. 

On examining, however, the case of the nine-cylindered arrange- 
ment, it is clear that in two circuits we get round by equal angular 
steps and return to the starting cylinder 1, the order of firing being 
1, 3, 5, 7, 9, 2, 4, 6, 8, 1 ; thus there must be an odd number of cylinders. 

Aero engines provide instances of three, five, seven, and nine 
cylinders ^ operating on a single crank-pin ; the six-cylinder Anzani 
just described consists of two three-cylinder engines associated 
together, tlie crankshaft having a double throw, and the throws 
b(Mtig at 1 80° ; so also in the ten- 
and twenty-cylirider(;d engines 
the cylinders are in groups of 
five to eacli crank-pin. 

When the cylinders of a radial 
or rotary engine arc nunnu’ous, if 
each exhaust valve rc(|uired its 
own cam, the number of cams 
would become very large, and the 
valve driving gear of considerable 
bulk and weight; for exam] le,a 
twenty-cylindered engine would 
need twenty exhaust valve cams. 

It is now to be shown, how- 
ever, that if N be the number of 
cylinders acting upon one crank- 

pin, all the exhaust valves can be operated by a single disc revolv- 
ing ill the opposite direction to that of the crankshaft at fsrr^lth 
N — 1 - 1 / 

of its speed, and having — ^ — cams formed on its edge. Thus, in 

fig. 21, 1, 2, 3, . . , represent the several valve tappet-rollers of a 
group of N radial cylinders driving one crank -pin, and A, ]i, C . . . 

* cams on the edge of the disc ZZ.- 

Suppose the crank-pin driven by the N cylinders to revolve in 
the direction of the upper arrow ; let valve 1 be just operated by 
the cam A. The next, valve to be operated is that numbered 2, 
and this may be done by a cam B, as shown, 6° in advance of 2, 
the cam disc revolving negatively as indicated by the lower arrow. 

^ See, however, footnote to page 171, also Appendix 1. 

® Fgr the modification of this result to the case of a Rotary Engine, see Aj)p. II. 
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Similarly, after 2 follows 3, which can be operated by cam C, 20*.^ 
in advance of 3 in the configuration shown ; and so on. , 

Now, thc-valve immediately to the left of No. 1 is the 
and clearly this most, in due course, be operated by cam A. 

So that the disc must turn negatively through an angle 

degrees while the crank-pin tui-ns from 1 to ; the angle 

turned by the crank-pin may be determined thus: 


F rom — 
1-2 


2-3 


'3-4 


Tlie crank-pin turns through — 

720 , 


2 



3x 


720 

N' 



N-1 N-hl 
2 • • 2 * 



720 
^ N 


degrees. 


♦" 300 

Hence the disc turns negatively through degrees while the 

crank-pin turns through degrees; so that we have : 

_360 

Angular velocity of disc N" 

Angular velocity of crank-pin “/N — 1\ 720 

V'2 ~) N 

that is: „ „ =~N^ • • 04) 

or the disc revolves in the opposite direction to the crank-pin and 
at ^h of the speed of the crank-pin. 

To determine the number of cams necessary we observe that 
Valve No. 1 * requires 1 cam. 


No. 2 

„ a 2nd cam, 

No. 3 

„ a 3rd cam, 


. 

\ 

d 

/N-lv, 

„ an ^ jth cam, 
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ilwhiie the next valve, viz. No. , is operated by the let cam. 

|Ience*the number of cams re(jiiired on the ed^e of the disc is : 


N-1 

2 ■ 


. (45) 


It seems necessary to show that tlie number of cams thus deter- 
mined will correctly operate all the exhaust valves, which may be 
done as follows : — 

Referring to fig. 21, as the number of cams on the disc is 


the angle between consecutive cams is 


360 720 


N'- 


N-l 


- degrees; hence, 


360 


when cam A has moved round negatively through degrees and 

is operating the ^h valve, cam 11 is degrees away, clock- 
wise, and must next operate the valve numbei*ed “G” in the hgnre. 
360 72( 

N "'N 

/N + 


Now “G” is 2 X degrees away clockwise from the 


/JN + lV. , , . 720 720 720 , 

\ 2 / ^ valve; hence cam b is ~ degrees 

away clockwise, from valve “6”; when, therefore, the crank -pin 

has turned through the angle between the jth valve and “6,” 

720 

i.e. through degrees clockwise, the cam disc, turning negatively 

at the rate of the crank-pin, will have moved cam B 

1 720 

negatively through j degrees, which is precisely the amount 


necessary to cause it to operate valve “6.” As this argument 
applies to each valve in succession, the operation of the cams^ 
* will be throughout in step with the requirements of each of the 
N valves. 

Of course, if the inlet valves are also mechanically operated, a 


N— 1 

further set of — ~ - caVns on a second disc, or, at any rate, in a 


different plane from those operating the exjfiaust valves, will be 
Necessary to operate ’them, and in this case the total number of 
iCams ta be provided will be (N — 1). 
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There are already cases of aero engines whose 3, 6, 7, and 9 
cylinders act on one crank-pin ; the following short table shqws the 
disc speed and number of cams necessary to operate each set of 
valves : — 


From Eqs. (44) and (45). 


Number of 
cylinders 

oil one 

crank -pin. 

N = 

Ratio of disc 
speed to 
crankshaft 
•speed. 

Number of 
earns on disc 
to operate 
one .set of 
the valves. 

3 

3 

1 : 2 

1 

5 

5 

1 : 4 

2 

7 

7 

1 : 6 

3 

9 

9 

1 : 8 

4 


This very ingenious system of operating the exhaust valves is 
adopted in all the 1914 Anzani aero engines; in the six-cylindered 
engine illustrated in hgs. 16 and 18, which is formed, as already 



Fio. 22.— -Valve operation of six-cylinder Anzani engine. 


I 

explained, by associating together two three-cylinder groups with 
their crank-pins at i80®, a disc with only one cam suffices t(f 
operate all six exhaust valves. The arrangement is diagrammatic- 
ally shown in fig. 22 ; the six tappet-rods are all in one plane with 
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the cam disc U ; the disc revolves in the opposite direction to that 
of the^ crankshaft and at one-half its revolution speed ; the catn 
thus alternately operates a valve of the one and the other group of 
cylinders at intervals of 60“ of di.sc rotation, i.e. of 120° of crank- 
, shaft rotation, as the engine* requires. 

The ten-cylindered Anzani engines are formed by associating 
two groups of five each, with crank-pins at 180°; 
in this case there is not room for ten tappet-rods 
to lie all in the same transverse plane ; they are 
accordingly arranged five each in two transverse 
planes at a short distance apart, and are all 
driven by one “ disc ” made in one piece with its 
driving pinion, and provided with a total of four 
cams in two planes, two being in each pharie, 
mutually at right anglcvS, as clearly shown in 
fig. 23. This disc is, of course, driven in the 
opposite direction to that of tlie crankshaft, and at one-fourth of 
its revolution speed. 



Fio.23.— Cams of ten- 
cyliiidor Anzani 
engine. 


The 200 H.P, Anzani Engine.— Keference has already been 
made to the 200 H.P. Anzani aero engine as formed by associating 
together four five-cylindered groups, tjie external appearance pro- 
duced being as exhibited in fig. 24. 

The first two groups each of five cylinders act on one crank-pin 
of the <w;o-throw crankshaft, the second two groups similarly 
acting on the second crank-pin; the two crank-pins are not exactly 
opposite, but include an angle of 1G2°, an arrangement that is 
claimed to reduce vibration in running; the engine is carefully 
balanced so as to run with great smoothness. 

The exhaust valves of the first two groups of cylinders are 
operated from the front of the engine, those of the second two 
groups from the back; each pair of groups by a disc with four 
cams— as in the ten-cylindered engines— running in the opposite 
liirection to the crankshaft and at one-fourth of its speed. 

There are two annular mixture chambers (as PP, fig. 18), one at 
the front and the other at the back of the engine, each being 
independently supplied ,by its own "Zenith” carburettor; the 
controls of the two carburettors may be connected together if 
desired. 


Ignition is effected by two high-tension Gibaud synchronised 
magnetios, shown clearly in fig. 24 ; as each must furnish ten sparks 
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in every two crankshaft revolutions, or five per revolution, each 

5 

driven at i.e. two and a half times the crankshaft speed. Twenty 

working impulses occur during every two crankshaft revolutions, 
or ten per revolution ; the interval between consecutive impulses is 



Fie. 24. — Twenty cylindered 200 11. P. An/ani radial engine. 


thus only =36° of crankshaft angle; hence at any instant fiv^, 

of the cylinders are always working, and the motion is consequently 
very uniform. 

It may be noted that when running, at 1200 revolutions per: 
minute there are 200 explosions, i,e. working impulses, per second 
acting on the crank^iaft. 

The lubricating system being also in duplicate, it is seen that 
this twenty-cylindered engine is in effect two separate tenrcylind^? 


^/sr/fAtr/Afifra 'by /i'sro/t/ /ifO/v 


K*I)IAt''A®ilO MeilTO;',' =■■%: 

■ ' > 

Snits, each of which is capable of running independently of 
the otjier. 

The remaining details of construction are generally similar to 
those of the six -cylinder design already described. 

Offsetting of the Cylinders , — In all the Anzani aero engines the 
Esylinders are slightly “offset” or “desax^” i.e. the cylinder axis 
produced does not pass through that of the crankshaft The 



Fio. 26.— Diagram showing efl'ect of “ offsetting.'’ 

principal object of this practice is to diminish the obliquity of the 
connecting-rod to the piston axis during the working stroke, and 
thus reduce piston friction and consequent heating and wear; 
incidentally also it causes the piston to move more slowly at the 
commencement of the working stroke, and so tends to permit the 
explosions to occur rapre nearly at constant volume, which is 
advantageous. Offsetting the cylinders of petrol engines has been 
frequently adopted by designers in recent years. 

The difference in the motion of the piston when the cylinder is 
offset from that in the more usual arrangement is exhibited in 
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fig. 25 ; the usual arrangement is shown in dotted, and the offset 
in full, lines. If C denote the amount of the offset, then the- stroke 
of the piston is slightly increased by offsetting, and when C is small, 
as is usually the case, is expressed very closely by : 

Stroke of offset piston = ^2 

where r and I denote the crank and connecting-rod lengths re-' 
spectively. 

Although the stroke is thus a little greater, the engine may 
actually be made a little shorter, as will be seen from the figure, 
A and A! denoting the positions of the piston when at the top of 
its stroke in the two cases. 

The curves show the relation between piston movement and 
angular motion of the crank-piii, the full line referring to the 
offset^ and the dotted to the usual, arrangement. It will be noted 
that during the “ out ’’-strokes, ie. suction and working, the offset 
piston is behind the other ; for example, when the crank-pin has 
described 90® from its topmost position the offset piston, in the 
case assumed, has described just over 50 per cent, of its stroke, 
whereas in the ordinary case — as shown by the dotted curve — it 
would have described just over 60 per cent. ; the difference is more 
marked at the commencement of the down-stroke, and, as already 
stated, may confer a practical advantage in running. 

Having now described a typical example of an air-cooled radial 
aero engine, some account will next be given of a successful type of 
water-cooled radial aero engine. 

The “ Salmson ” Aero Engine.— The " Salmson ” aero engines, 
invented jointly by MM. Canton and Unn4, are manufactured on 
the Continent by the Soci^t4 Anonyme des Moteurs “ Salmson,” of 
Billancourt, Seine, and in Great Britain by the Dudbridge Iron 
Works, Ltd., of Stroud, Glos. 

An external view of the nine-cylindered water-cooled rftdial 
Salmson aero engine appears in fig. 26; the nine cylinders are 
symmetrically disposed around the crankshaft, and the nine con- 
necting-rods all operate upon one crank-pin an the manner described 
below. 

The Salmson eng!nes are also arranged with the cylinder axis 
in a horizontal plane and the crankshaft axis vertical; in such 
cases the propeller is driven by means of bevel gearing. • This. 

• I' 
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horizontal disposition is often adopted in dirigibles, and occa- 
sional^ in large sea-planes ; it lends itself conveniently to the 
general arrangement of dirigibles, diminishes view obstruction and 
head resistance, and furnishes a convenient means of providing a 
speed reduction from the * engine to the propeller. The usual 
reduction of speed in these engines is in the ratio of 9:5, so that 
the propeller may be of large diameter and comparatively low 



Fig. 26.--110 H.P. Salmson engine. 


revolution speed, which is a desideratum in large air-craft. An 
external view of a horizontal Salmson engine appears in fig. 27. 
*It will be seen that the bevel reduction gearing is completely 
encased, and that the engine exhaust is silenced. 

A diagrammatic section through one cylinder of a Salmson 
engine, showing also tl^e crankshaft and connecting-rod attach- 
ment, is given in fig. 28. 

Crankshaft — The stout hollow steel craftkshaft has a single 
throw, and is in two pieces, A and B, the crank-pin being in one 
with the left-hand piece A; connection with B is made bv the 
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coned, keyed, and screwed end of the crank-pin, and the nut ^ 
this sepai'ation of the crankshaft is necessary to enable the cage t 
FF carrying ’the big-end pins of the several connecting-rods to br. ' 
mounted on the crank -pin. 

Lubrication is provided to the c'oniiecting-rod big-end pins 
through the crankshaft as indicated; the oil enters at the right- . 
hand end of the shaft through an axial hole I). 



Fio. 27.— Horizontal Salmson engine. 


The crankshaft is carried in large ball-bearings; no white- 
metal bearing is used in any part of the Salmson engines. 

Connecting-rods. — The seven, or nine, steel connecting-rods EE 
of H -section are machined all over and fitted at each end^with* 
bronze eyes ; the distance between the axes of these eyed ends is 
about crank-lengths. 

The method of connecting up the several rods to the crank-pin 
is one of the most characteristic features in the Salmson design,- 
and is as follows .-—deferring to figs. 28 and 29 , a steel cage or 
connecting-rod carrier FF, borne on the crank-pin by the haUj 
bearings G and H, is fitted with the symmetrically disposed. seveft^ 
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or nine, hollow steel big-end pins J, by which the connecting-rods 
are severally attached. 



If this were all, the resulting motion would be irregular and 
undefined, as the position of the carrier FF on^he crank-pin would 
not be definitely assignable at any moment; some means is there- 
fore necessary of regulating the position of the carrier FF. 
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Consider first the usual case of a single connecting-rod acting 
ipon .a crank-pin as .indicated in fig. 30; the big end, to which 
;he carrier FF here corresponds, does not rotate during the running 
)f the engine, but, being a part of, and hence rigidly attached to, 
-he connecting-rod, oscillates through the angle 0 per revolution 
)f the crank- pin, due to the finite length of the connecting- 
•od. As the length of the connecting-rod in relation to the 



crank-length is increased, 6 becomes less and less, and in the 
limit, for an infinitely long connecting-rod, the big end does not 
oscillate at all. 

In the Salmson engines it is ingeniously contrived that the 
cage FF shall not oscillate at all by means of the epicyclic train 
KLL'M (figs. 28 and 29), of which K is rigidly fixed to the 
crank-cai?e so as to be incapable of rotation, while the pair of 
^ual wheels L L' are carried on a spindle borne in an extension 
of the crank-cheek, and consequently revolve with the crankshaft, 
and lastly M is a wheel, exactly equal to K, formed in one piece. 
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with the cage FF; the gear-wliecls K and L and L' and M are 
coij still lily eniiipslioc]. 

-1 he arrangement of this epicyclic train will be readily appreci- 
atod from the small diagi'am on the lower left of fig. 29 ; normally 
K is at rest, while the crank carrying Jj and M revolves around 
the crankshaft axis in the direction of the arrow. 

Assume, firstly, for simplicity, that K, L, and M are all equal ; 
when the crankshaft makes +t revolution in the direction of the 
arrow, it is required to determine the number of revolutions per- 
formed by L and M respectively. 

This is done by the artifice of supposing that to the whole 
sy.stcm a common rotation of -1 revolution is communicated; in 
this case it is clear that : — 

1. The crankshaft makes -f 1-1 = 0 revolutions, f.c. is brought 
to rest. 

2 : The normally fixed pinion K makes 0-1= - ] revolutions, 
i.e. turns once round in a clockwise direction. 

3. The pinion L, now turning on a fixed axis, and enmeshed 
with K, makes +1 revolution. 

^ 4. The pinion M, now turning also on a fixed axis, and enmeshed 
with L, makes — 3 revolution. 

These relative revolution rates are constant, and remain un- 
changed when any rotation common to the whole system is imposed 
upon it. Let, then, a common rotation + 1 be imposed ; we thus 
restore the system to its actual working condition, and see that : — 

1. The crankshaft makes 0 + 1 = 1 revolution in the direction of 
the arrow. 

2. Ihe pinion K makes — 1 + 1 = 0 revolutions, i.c. remains fixed 

3. The pinion L makes +1 + 1 = 2 revolutions in the same 
direction as the arrow. 

4. The pinion M makes -3+1=0 revolutions, and therefore 

does not rotate, though its centre is carried round in the circle 
described by the centre of the crank-pin. * 

Hence the gearing provides that tlie cage FF, carrying the 
seven, or nine, big-end pins, does not rotate at all. 

Actually the pinions L are smaller than the necessarily equal 
pinions K and M ; this does not affect the relation of K and M, but 
the pinions L make (N + 1) revolutions per revolution of the crank-, 

sliaft,wherei=i = |'. 
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The effect of tlie non-rotation of the cage FF and pins J upon 
the luotion of the pistons is rendered clear by fig. 31. Let J be 
any one of the big-cnd pins; then the line JA remains always 
parallel to the cylinder axis EB. Through J draw JJ' parallel to 



AB, and meeting EB in J'; then; as JA is always parallel to 
EB, J B is constant and J J is equal to BA ; that is, J describes 
a circle of radius equal to AB about the fixed centre J'. A similar 
result obtains for the remaining pins 2, 3, 4, . . . 7, these describing 
circles about the fixed centres 2', 3^ 4', . 7' respectively ; all 

these circular paths are of radius equal to that of the crank-throw 
BA, and their centres all lie on a circle of radius equal to AJ, i.e^ 
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to that of the circle on which the centres of the seven big-end 
pins lie. 

Through A draw AC parallel to JE ; it is evident that in the 
usual arrangement, i.e. where the big end embraces the crank-pin, 
AC would be the position of the connecting-rod in the configura- 
tion of fig. 31. Hence the effect of carrying the big-end pins J in 
the cage FF is that, for the same ratio of connecting-rod to crank, 
the piston is further from the crankshaft centre by the distance 
CE, i.e. A J. Thus the over-all diameter of the engine is increased 
by twice AJ, i.e. by the diameter of the circle round which the 
big-end pins are ranged due to this mode of attaching the con- 
necting-rods to the crank-pin ; the bulk and hence the weight of 
the engine must, in consequence, be somewhat increased. 

The forces set up in the epicyclic train in restraining the cage 
FF are found to be best distributed by setting the pins JJ a little 
back\\ ard ‘(about 6° in the seven-cylinder design) from the direction 
of the crankshaft rotation, as will be observed in fig. 29. 

Fistom . — The pistons (see fig. 28) are of cast-iron, fiat-topped, 
and fitted each with three cast-iron spring rings. Much difference 
of opinion still exists as to the suitability of steel for the pistons 
of petrol engines; though’ they may be made somewhat lighter 
when of steel, it is indisputable that steel pistons, particularly when 
used in steel cylinders, have occasioned considerable trouble by 
“seizing,'’ and in several cases constructors, after trying steel 
pistons, have reverted to the use of cast-iron. The gudgeon pins 
are hollow tubes of a tungsten steel, fixed in the piston bosses by 
a set screw as indicated in fig. 28. 

Cylinders . — The cylinders are of nickel steel, machined all over, 
and produced from solid ingots; the finished thickness of the 
working barrels is but 008 inch (2 mm.); the flat-topped com- 
bustion chambers carry bosses into which the casings of the inlet 
and exhaust valves are screwed, as indicated in fig. 28. The water- 
jackets are of spun copper, brazed to the cylinders, and corrugated 
to permit the working barrels to expand freely. To ensure effficient 
cooling of all the cylinders in water-jacketed engines of radial type 
has proved a somewhat troublesome problem;' the arrangement 
adopted in the vertical Salmson engines is indicated in fig. 32. 

A centrifugal pump, gear-driven at about the engine speed from 
the rear end of the crankshaft, delivers the cooling water to the 
• lowest point of the two bottom cylinders ; issuing from the highest 
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pamts of these, it enters the next pair at the inner ends of their’ 
jackets, and leaves at their outer ends, and so on alternately ; the 
course of the circulation is clearly shown in hg. 32. From the top 
of the uppermost cylinder the lieatcd water passes to the radiator; 
from the bottom of the radiator it returns, cooled, to the circulat- 
ing pump. 

The water pipes are of l/J." bore; a small pipe A (iig. 32) 
connects the pump suction with the rising pipe from the topmost 
cylinder, to facilitate the escape of any air or steam which may 
exist or form in the pipe system and would otherwise prejudice 



Fig. 32. — Watcr-cooliiig system of Salmson eiiginCvS. 


the performance of the pump; the pipe connections are made by 
rubber unions. 

The cooling surface necessary depends to some extent upon the 
type of radiator and the normal speed of the aeroplane. For 
ordinary cases, and with radiators composed of flattened tubes 
• pitched apart, about 55 square feet of surface suffices for a 
seven-cylindered 90 B.H.P. engine, while for the nine-cylindered 
130 B.H.P. type about 90 square feet is usually provided. 

In cases where the propeller is placed behind the radiator it is 
Necessary to increase these cooling areas by about 16 square feet. 
If the engine be situated above the radiator, a small reservoir, of 
about half a gallon capacity, is fitted at the point where the heated 
water, leaves the engine. 
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The Omnh-cam.-The: aluminium crank-case is in halves 
ctwoen winch the cylmdors are securely clamped, as indicated in 
fig. 28 the cam-box NN on the left is detachable from the crank- 

with the fixed pinion K. forms also the housing of a double-row 
bah bearing supporting the inner end of tbe crankshaft. 

4 ^ ricatiiig system is shown diagrammatically in licr. 33 

A double pump is fitted below the cam-box ; the one pump draws 

rlr'" T it to an external oil 

-ervoir placed about 15 inches at least above the crankshaft 


Oo¥sie 

Ofl 



Fig. 33.-Lubiicatiiig system of Sahnsoii 


u engines. 


centre; here it becouies cooled. The other pump draws from thi 
reservoir tlirough a filtering screen composed of two sheet 

it is*dir discharges into a sight feed box, whenc 

It is delivered to the crankshaft through the end D, and to th 

cam-box through the pipe P (see also fig. 28). The oil enterin; 
to IC crank-che'ek, and crank-pi! 

m Jubncating the pistons and gudgeons. 

Through P lubricant is supplied to ihe cam-box. The oi 
thrown on the inner surface of the craiik-case drains into the sumi 

rver!l r "T" mentioned S 

sevual cylinders project well into the crank-chamber, and thm 

prevent those below the horixon£al from becoming flooded- with 
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oil. Any good rnotor-car engine type of oil is suitable for 
lubrication. 

Carbumtion . — The carburetted mixture is 8U})plied by two 
‘"Zenith” carburettors fitted with choke-tubes to a design of the 
Salmson Co. These carburettors are placed on the horizontal axis 
of the engine and deliver through hot-water jacketed branches into 
an annular mixing chamber, whence induction pipes proceed to the 
several cylinders. Heating the mixture before it enters the annular 
chamber is beneficial to the extent of furnishing the latent heat 
necessary to just vaporise any suspended petrol spray ; any heat 
in excess of this attenuates the charge by causing its expansion, 
and is thus undesirable; mixture-pipe jacketing is particularly 
useful at great altitudes, where very low temperatures prevail. 

The service petrol tank is placed about one foot higher than the 
float-boxes of the carburettors, and is connected up by as simple a 
piping arrangement as possible ; unions in the petrol pipes may be 
made with lengths of “Duritt.” Very fine gauze filters are fitted 
in the petrol tank, and the petrol itself is strained through chamois 
leather before use. 

Exhaust silencers may be fitted if required ; some experiments 
with a nine-cylindered 130 B.H.P. engine showed that the addition 
of an exhaust silencing apparatus reduced the output by only about 
4 B.H.P. The silencing of aero engines is desirable from military 
considerations, and the reduced noise and deflection of the exhaust 
gases add materially to the comfort of the pilot. 

Ignition , — In the seven-cylindered Salmson engines, ignition is 
effected by a Bosch high-tension magneto of ordinary type giving 
two sparks per revolution ; as the engine requires seven sparks per 
two crankshaft revolutions, the magneto armature is driven at 


7 

2x2 


= lf times the crankshaft speed; 


the order of firing is of 


course I, 3, 5, 7, 2, 4, 6. * 

In the nine-cylindered engines the igniting magneto is of the 
so-called Bosch “shield” type, giving four sparks per revolution. 
Ordinarily the magneto armature revolves between the pole-pieces 
of the permanent magnets, and two sparks per revolution are then 
obtained; in the “shield” magneto, however, the armature is fixed, 
and round this fixed armature and between it' and the magnet pole- 
pieces a cylindrical segmental iron sleeve rotates. In each revolu- 
tion .of thi« segmental sleeve the current intensity attains a 
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maximum four times, and being then interrupted provides accord* 
ingly four firing sparks per revolution. As the engine requires 
nine sparks per two crankshaft revolutions, and the magneto gives 
eight sparks per two sleeve revolutions, it is clear that the magneto 
must be driven at Jtlis of the crankshaft speed. 

The Salmson Co. are now (1914) arranging to fit two magnetos to 
all their aero engines, each magneto supplying its own set of sparking 
plugs, so that tliere are two plugs in each cylinder, and the ignition 
is therefore “ double ” ; the principal object of this duplication is to 
have a reserve ignition in the event of a magneto failing. 

Valves . — The nickel steel valves, both mechanically operated, 
are of the cone-seated poppet type, nearly 0*5 of'the cylinder bore 
in throat diameter, and are located — as usual with aero engines — in 
the flat- topped cylinder heads, partly to leave the working barrels 
plain cylinders and so reduce the risk of irregular heat distortion 
during working, and partly to' improve volumetric efficiency, as the 
whole valve circumference is available for inflow and outflow of gas. 

Each valve is contained in its own seating casting, which screws 
into a boss in the cylinder head, as shown in fig. 28; when practi- 
cable, it is preferable to seat the exhaust valve in the cylindei* head 
itself, so that the jacket-co6ling water may be as near the valve 
seat, and valve, as possible; the exhaust valves of aero engines 
usually run red-hot and are a fruitful source of trouble. 

The helical valve springs are fitted in the unusual manner 
shown in figs. 26 and 27 ; an advantage of the arj'angement is that 
the springs remain cool during working, and thus their temper 
remains unaffected. 

Each valve is cam-operated through a tappet, push-rod, and 
rocker, as indicated in fig. 28; the seven (or nine) cams RR are 
keyed on a sleeve formed in one piece with the gear-wheel S, 
through which they are driven at half the crankshaft speed by 
the train of gearing V, U, and T ; it will be noted that the lower 
ends of the push-rods are belled and fit over the ball-ends of the 
tappet-rods as shown at W. 

A special feature of the' Salmson engines consists in the opera- 
tion of both valves of each cylinder by onq cam ; the arrangement 
is diagrammatieally shown in fig. 34 ; the small rocking lever X, 
pivoted at Y, bears af^ its ends rollers Z Z through which the cam 
Q in the course of its rotation lifts the tappets W W' in succession, 
and so operates the exhaust and inlet valves respectively. 
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This method of operation obviously involves equal periods of 
admission and exhaust; in normal car engines experience has led 
to the following as the average valve setting: — 

Inlets . . Open 12” late. Close 20” late. 

Exhausts . . „ 45” early. „ 6” „ 

So that from the beginning to the end of opening the crankshaft 
describes about 188” of angle in the case of the inlet valves, and 
231” in that of the exhausts. 

In the Salmson engines the setting is so arranged that the 
exhaust closes and the inlet opens 
at the outer deatl centre, while 
the exhaust opens and inlet closes 
nearly at the inner dead centre ; 
this tends to increase of exhaust 
back pressure and diminished suc- 
tion period, and so to reduced 
volumetric efficiency. The valves 
are, however, large, and the engine 
speed is not high, so that the 
effect is probably of but little 
importance. 

General . — The range of Saliu 
-son aero engines manufactuj-ed 
by the Dudbridge Co. in 1914 
comprised six types, the leading 
particulars of which are given in the table below. The general 
disposition of the seven- and nine-cylindcred types has already 
been described. The fourtcen-cylind(jred 200 ll.H.P. design consists 
of two groups each of seven cylinders acting upon a one-throw 
crank, the junction of the crankshaft being made in the common 
crank-pin between the two big-end pin cages, 

' This fourteen-cylindered engine is noteworthy as it acts upon 
a swe-stroke and not upon a four -stroke cycle, the valve cams being 
in consequence specially arranged, and tlie cam-shaft driven at one- 
third, and not one-half, of the crankshaft speed. 

This is done in order to obtain working impulses at equal 
'angular intervals of crankshaft revoluticti with two seven- 
cylindered groups operating all on one extended crank-pin; the 
necessity of this, and the order of firing, are rendered clear by 
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Leading Particulars of the 1914 “Salmson” Aero Engines, as manu-. 
FACTURED BY THE DuDBRIDGE IrON WoRKS, LtD., StROUD, GlOS., 
UNDER THE “SaLMSON” PaTKNTS. 


'J’ype. 

Norn 

Inal 

B.H.F. 

No. of 
cyl 1 li- 
do rH. 

C^lindcT 

grmiiJiiiK. 

Bore 

in 

inches. 

stroke 

in 

inches. 

Nor- 

mal 

speed 

in 

r.p.m. 

List 
price 
in £ 
per 
B.H.P. 

Lbs. of 
petrol 

p<T 

B.H.P. 

hour. 

Gallons 
of oil 
per 
hour. 

Piston 
speed 
in feet 
per 

minute. 

Value 
of np 
in lbs. 

per 

sqiiaie 

Inch. 

M. 7 

90 

7 

One of 7 

4-73 

5 -52 

1250 

7*22 

0*53 

0*3 

1150 

84*2 

M. 9 

ISO 

9 

One of 9 

4-73 

5 *.'■>2 

12.50 

6*63 

0*53 

0*5 

1160 

94*5 

2M. 7 

200 

14 

Two of 7 

4-73 

5 ’52 

1250 

6*40 

0*53 

0*7 

1160 

93 8 

B. 9 

140 

9 

One of 9 

4*73 

5*92 

1250 

8*0 

0*53 

0*5 

1230 

95*0 

D. 9 

300 

9 

One uf9 

.fr92 

8*27 

1200 

6 0 

0-48 

1 0 

1650 

97*2 

2D. 9 

600 

, 18 

Two of 9 

5-92 

8*27 

1*200 

7*67 


2*0 

1650 

97*2 


Designs of a nine- cyl in doted 200 H.H.P. and of an eighteen-cylindered 400 B.H.P. 
engine are under coiisideralion. The 600 B. II. P. engine was specially designed for airship 
propulsion. In addition to the above, engines having cast-iron cylindeis, and suitable for 
general industrial purpose.s, are constructed of 60, 90, 130, and 220 B.H.P. respectively. 

The weight in lbs. per nominal B.H.P., including all accessories and also radiator 
and cooling water, i.s about 4^ Ib.s. for all types. 

examination of fig, 35,* the crankshaft angle between consecutive 
impulses being — — — 77| , 

It has already been pointed out that in the ten-cylindered 
Anzani radial engine the two groups each of five cylinders act 
upon crank-pins at ISC'*, and work upon the four-stroke cycle; 
working impulses accordingly occur at equal angular intervals of 
2 X 360 

i0~ crankshaft rotation, i.e. more frequently than with 

the above arrangement, though fewer cylinders are employed. 

The eighteen-cylindered 600 B.H.P. unit is in reality two t 
separate nine-cylindered engines for use in large air-craft fitted 
with double propellers; the engines are connected together by a 
gear-box in such manner that either engine may, at will, drive 
either or both of the propellers ; each engine, moreover, is a com- 
plete power unit, w^th its own radiator, pumps, magnetos, and 
carburettors.^ The propellers are about 13 feet in diameter, and 

* For an illustrated account, see The Engineer for 31st July 1914, 
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Fio. 36. — Firing order of the fourteen-cylinder Salui.son engine. 


are arranged to rotate in opposite directions at 900 revolutions per 
minute. The weight of one of these 600 B.H.P. combinations is as 
follows : — 

Two engines, each 980 lbs. . . . 1960 lbs. 

One connecting gear-box .... 500 „ 

Two sets of radiators and gear . . 400 „ 

Total . . 2860 lbs. 

or = 4'8 lbs. per nominal B.H.P. 

600 ^ 

The Dudbridge Iron Works, Lid., give the t^eight^ — as mentioned 
in ihe Table — as about 4^ lbs. per B.H.P, for all the Salmson types; 
this is a very low figure for a water-cooled design of engine. 
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Piston speed is medium, except in the case of the 300 and 600 ' 
B.H.P. designs, where it attains the somewhat high value, for con- 
tinuous heavy-load running, of 1050 feet per minute; the revolu- 
tion speed is only 1200, but the stroke is unusualJy long, being, 
roundly, 8^ inches. 

The values of rjp based on the nominal B.H.P. are somewhat 
higher than might have been anticipated from the valve setting. 

Actual test of a seven-cylindered Salinson engine was made 
during July and August 1913 by a commission appointed by the 
French Automobile Club; the engine ran under test for 98 hours, 
the average speed being 1179 r.p.m., and average B.H.P. 82*3, 
while 053 lb. of petrol was consumed per B.H.P. hour. By 
Eq. (32), therefore, tlie value of rjp in this case was 81*5 lbs. per 
square inch, while by Eq. (41) the brake thermal efficiency was 
24 per cei't. The engine consumed 24 pints of lubricating oil per 
hour — a very satisfactory performance. 

A ten-hour test of a nine-cylinder 300 IT.P. engine^ showed 
an average speed of 1150 revolutions per minute, an average out- 
put of 284 B.H.P., and a petrol consumption of only 0*48 lb. per 
B.H.P. hour. The corresponding value of tjp is 96 lbs. per square 
inch, and the brake thermal efficiency 2()'5 per cent. An over- 
load test of one hour’s duration showed an output of 322 B.H.P. 
at 1260 revolutions 2 :)er minute, the petrol consumption per B.H.P. 
remaining practically unclianged. 

Balancing. — With reference to the balancing of single-throw, 
single-acting four-stroke I’adial engines in general, F. W. 
Lanchester observes : ^ “ The most satisfactory view to take of the 
balance of such a motor is that where the cylinders are sufficiently 
numerous the equal radial disposition of the pistons disposes with 
a sufficient degree of approximation of the secondary, or octave, 
inequality. . . . The energy content of the pistons as a whole is 
approximately constant, so that an engine of the radial type is not 
liable to torque irregularity due to piston inertia. The main piston' 
motion can be dealt with with sufficient accuracy by regarding 
the whole weight of the. pistons and connecting-rods as being 
concentrated as a rotary mass on the crank-pin, and balancing 
by an equivalent rotary counterweight on the crankshaft in the 
usual way.” 

^ Figures supplied by the Dudbridge Iron Works, Ltd. 

* Proc. Imt. Auto. vol. viii., “Engine Balancing.” 
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Tliis is the metliod adopted in tlio Salmson engines; the 
counterweiglit is sliown in fig. 29. 

Some other Eadtal Aero Engines. 

Among other aero engiiies of radial type may bo mentioned : — 

The Farcot Engine. — This air-cooled radial engine is arranged 
to work with the cylinder axes in a liorizontal plane, i.e. with the 
crankshaft axis vertical, the propeller being driven through a 
reducing bevel gearing. 

The R.E.P. Engine. — The earlier engines of M. Robert Pelterie 
were of the fan type, which is not now used ; the later engines 
are of the radial type. The seven-cylindered 4‘3T'xG'30" air- 
cooled motor develops, roundly, 90 B.H.P. at 1100 revolutions per 
minute. In this engine the valves are operat'd by the metliod 
already described in connection with the Anzani radial engines; 
both valves of each cylinder are worked by one rocker, and the 
cam-disc takes the form of a plate with a groove in its face in 
which run rollers attached to the sides of the valve tappet-rods; 
the plate rotates, of course, in the opposite direction to that of the 
crankshaft, and the groove is ‘‘plus and minus” a circle, so as to 
push and pull the rocker rod alternately, and thus successively 
open both the valves. The explosive mixture is supplied to the 
inlet valves by a series of pi 2 )es radiating from an annular chamber 
surrounding the roar part of the crank-case, somewhat as in the 
Anzani engine already described. 

The Albatross Engine. —This is an American air-cooled radial 
aero engine, having six cylinders in two groups each of three, 
operating on two crank-|)ins at 180°; all valves are meclianically 
operated. 

One inlet and one exhaust cam operate all the valves, in the 
manner already described in the case of the six-cylinder Anzani 
engine. The cylinders are fitted with auxiliary exhaust ports 
* overrun by the pistons, as in the horizontal Darracq engine 
(see %. 12). The mixture is supplied to the cylinders from an 
annular chamber by means of a system of radiating inlet pipes, as 
in the Anzani engines. 

Aero engines of the radial type are not at present very numerous; 
the radial disposition gives a short engine \^ith good balance, and 
permits of many cylinders, thus providing numerous working im- 
pulses at equal angular intervals of crankshaft revolution. 
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Coolinpr by air is, generally speaking, found somewhat unsatis- 
factory, while the water-cooling of radial engines effectively has 
given designers much trouble, though in the Salmson engine the 
difficulties appear to have been overcome. Perhaps the chief 
objection to be urged against the radial arrang(‘ment is that it 
opposes a good deal of area to the air-current, and thus increases 
head resistance, and also tends to obstruct the view of the pilot 
when — as is most commonly the case -the propeller and engine 
are fitted in the front of the aeroplane. 



CHAPTER VI 

DIAGONAL OR ‘‘VEE” AERO ENGINES. 

When the cylinders of an engine are arranged in two groups 
placed at an angle with one another, as in lig. 3G, the engine is 
described as of “Diagonal” or “Vee” type; the two-(iylindercd 
Vee engine so largely used in motor cycles furnishes the simplest 
illustration of this type. 

Thus, if in fig. 36 there be two cylinders only, A and B, with 
axes making an angle a" with one another, and pistons both acting 
on one crank - pin, and 
cylinder A be supposed to 
fire, then it could be ar- 
ranged that B fired when 
the crank-pin P had turned 
through the angle a ; but 
in this case the impulses 
would occur very irregu- 
larly, as A would not fire 
until the crank-pin had de- 
scribed a further (720 — aY 
of angle. Hence it is 
always provided that B shall fire (360-i-a)° of crankshaft angle 
*after A; and then it follows, for single-acting four-stroke cycle 
cylinders, that A fires (360 — a)° after B ; so that with two cylinders 
only the impulses occ-ur alternately at (360 -h a) and (360 — «) degrees 
of crank-angle rotation. Obviously, in order that the working 
impulses may occur at equal intervals of crankshaft rotation, it is 
necessary to make a — 0 , i.e. to place the two cylinders “together,” 
in which case a working impulse occurs every revolution, but the 
balance of the engine is bad such engines have occasionally been 
' »7 • 7* 
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used in car service, as, for example, by Messrs de Dion in their 
9 H.P. design. 

Next, let there be N cylinders in each of the two groups A and 
B, so that the total number of cylinders is 2N ; the' engine is 
supposed to be single-acting, and of 'the foui-stroke type. The 
crankshaft having N throws, two pistons — one of each group — act 
upon each crank -j)in. 

Then, considering group A (fig. 36), the working impulses occur 
720 

at angular intervals of degrees of crankshaft revolution, as also 


do those of group B; hence, from the combined groups, impulses 
occur at angular intervals of i.e. degrees of crankshaft 


revolution. 

Those of group B occur a° later than those of group A ; in order 
that the angular intervals may be equal throughout the cycle, it is 
clear, therefore, that we must have : 


3G0 

“=N- 


(47) 


So that, for single-acting four-stroke Vee engines with two pistons 
acting on each crank-pin, the angle between the groups must be as 
given in the Table hereunder for equal angular intervals of crank- 
shaft rotation between working impulses : — 


Total No. 
of cylnidcrs. 
2N. 

No. of 
cylinders 
in ouch 
group. N. 

No. of 
throws in 
crankshaft. 

a in 

degrees. 

2 

1 

1 

3G0 

4 

2 

2 

180 

6 

3 

3 

120 

8 

4 

4 

90 

12 

6 

6 

60 

16 

8 

8 

45 


The case of two cylinders has been already discussed^; with 
four cylinders and a two-throw crankshaft, for equal angular 
intervals the cylinder groups must be opposite one another, and we 
thus reproduce the case illustrated in fig. 11, B (supra). 

Six-cylindered Vee aero engines are not common, but have 
^ As ^—360 gives the same arrangement as 
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been constructed by Messrs Simms and the All British Engine Co. 

( A.B.C. ). The eight-cylindered Vee is the preponderating type ; a 

few makers, e.g. Messrs Antoinette, “ A.B.C.,” and Renault, build also 
twelve- and sixteen-cylindered designs, but these are rarely seen. 

Excepting only the Renault, De Dion, and Pipe Co. *8 designs, it 
may be said that the Vee-type aero engines are almost always 
water-cooled; Messrs Renault have developed a method of air-cool- 
ing by fan which is referred to later. The Vee-type lends itself 
very conveniently to water-cooling, and although the balance of 
the prevailing eight-cylindered design is not quite so good as that 
of the multi-cylindered radial engine, yet the Vee engine is short 
and compact, otfering little head resistance and view obstruction, 
and appears likely to be much used in the future in air service. 

As a typical case of a Vee-type aero engine the British-built 
eight-cylindered, water-cooled design of the Wolseley Co. has been 
selected. The Wolseley Co. has devoted attention to the design of 
aero engines since 1907, though at first more in connection with 
the propulsion of dirigibles than of aeroplanes; their first design 
appeared in 1908, and was of the normal four-cylindered vertical 
car type, rated at 80 horse-power and of 8|" bore and stroke. 
This soon proved unsuitable, and of insufficient power, and was 
quickly followed by an eight-cylindered Vee engine of 3|" bore and 
b" stroke, Tatcd at 50 horse-power ; in this engine the propeller was 
driven from the half-speed shaft, as is not infrequently still done. 
The rapid increase in the size and power requirements of dirigibles 
soon necessitated the provision of engines of greater output, and so, 
after producing three further designs of eight-cylindered 60 horse- 
power Vee engine, they evolved their very successful 5"x 7", eight- 
cylindered, 120 horse-power design, of which a description is given 
later in this chapter. 

The Table below summarises the leading particulars of the 
Wolseley aero engines, and indicates their progress in increase of 
power and reduction in weight per B.H.P.; the piston speed is 
somewhat low in the first five cases, but in No. 6 is about equal to 
that of the present long-lived touring-car engine ; the values of y([> 
are decidedly low, while the petrol consumption, even in the case 
of No. 6, is rather higher than is frequently found in more recent 
tests. It must be said, however, that the Table includes only 
engines up to the end of 1912, and that later designs have achieved 
better results. 
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T]»o ratio of the rated to the maximuin horse-power for Nos, 4,-\. 
5, and 0 averagers about 0*8, a value commonly found in car service, 
and wliich experience shows does not harass the engine in long- 
run periods. 


Leading Paiitioulars of the Wolseley Co.’s Aero Engines. 
Period 1907 - 1912 . 


No. 

Tyj)c. 

N<». 

of 

cylin- 

ders. 

liore 

U) 

inches. 

stroke 

in 

inclies. 

Norma 

Revs. 

l»er 

min. 

speed. 

Tiston 

speed 

in 

ft. /min. 

Rated 

B.H.P. 

at 

normal 

speed. 

Wei^rht 
in lbs 
jier 

normal 

B.Il.P. 

Petrol, 
lbs jiei 

H.IT.P. 

hour. 

Lu)»n- 

eating 

oil, 

gallons 

per 

hour. 

Yij) at 
normal 
OUt])llt, 
lb> per 
square 
inch. 

Maxi- 
innni 
KH.P. 
for 
short 
pel lods. 

Revs. 

per 

min at 
maxi, 
mum 

B H.P. 

Value 
of tjp 
at 

inaxf- 

ntiim 

B.H.P. 

1 

Gar. 

4 



1100 

1007 

30 

7*0 



89 

35*3 

1420 

81*4 

2 

V 

8 

3| 

5 

1350 

1126 

50 

80 1 

0-726 

0'28 

66-5 

HO 4 

1360 1 

70*6 

3 

V 

8 

3/ 


12U0 

1100 

60 1 

6-1 



81 5 

7f> 1 



4 

V 

8 ! 

3^ 


1150 

10.55 

60 1 

4*9 



85-2 

85 1 

1800 

77 d' 

5 

V 

8 

iH 


11.50 

1055 

60 1 

5 3 


::: ^ 

85*2 

85 

1800 : 

77.‘1 

6 

V 

8 

?> 

7" 

1160 

1340 

120 

5-3 

0 576 

1-5 

75-4 

147 

1400 

75*6 


The of No. 1 is exclusive of the flywheel. No. 3 was liLted witli a flywheel 

weigl)iiig 15 lbs. ; this is included in the stated weight. 


The 120. H.P, Wolseley Aero Engine.— An external view is 
given in fig. 87 of the eight-cylindered, 120 H.P., water-cooled 
aero engine of the Wolseley Co., of Birmingham; the cylinders 
are in two groups each of four, and are placed mutually at 90°, 
so that working impulses occur at equidistant angular intervals 
of 90° of crankshaft rotation, as already explained. The angular 
space between the cylinder groups is utilised to accommodate 
the carburettor, ignition magneto, wiring, inlet piping, and valve- 
operating gear; in the front of the illustration will be seen the 
water and oil pumps and the housed gearing by which the magneto 
Js driven; the exhaust manifolds are also clearly shown. The 
compactness of the Vee type of engine, while at the same time the » 
valves and valve-gear, magneto, carburettor, and pumps remain 
readily accessible, will be appreciated from this view ; it may b^ 
noted also that by removing the light bottom cover of the crank- 
case the big ends and main bearings may be examined and adjusted 
without further dismantling the engine. 

A transverse section through one of the cylinders, showing also 
the crankshaft and valve drive of the 1912 design, appears in 
fig. 38, while a longitudinal section of part of the crank-case is 
given in fig. 39. 
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Hie OranJcsliaft . — This is constructed of Vickers nickel-chromd 
steel, with four throws all in one plane, as in the normal four- 
cylinder car engine. The crankshaft is borne in throe white-metalled 
bearings, that on the left (fig. 39) being about 5-36" in length ; the 
central bearing is about 4-04", and the third about 3-9", so that the 



Fio. 37.— External view of eight-cylinder 120 H.P. Wolseley engine. 


total length of main bearing is about 13 J". In the bearings the 
crankshaft is 2 '38" in outside diameter, with a hole 1*8" diameter 
bored through it ; the crank-pins are slightly greater in diameter 
than the shaft, viz. 2*45", with a 1*63" diameter hole through them, 
and are 4*6" Ipng between the crank-cheeks, in ftrder to accommodate 
two connecting-rod big ends each, as shown in fig. 39. 

Thus the crankshaft in the main bearings is really a tube of 
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hig}i-c{uality steel, of thickness only 0-29''. If D be the outside 
diameter of the shaft in inches, and h that of the hole through it, 
then the torsioiial strength of tlie shaft is proportional to the 
1)4 

value of — g— ; it will be observed that if A = 0 we get the case of 


a solid shaft, and tliat its torsional strength is proportional to the 
mhe of its diameter. Now let A denote the diameter of a solid 
shaft of ecjual torsional strength to the hollow shaft; tlnm A must 
be found from the equation : 


AS = 


J) ■ 


. X48) 


In this case D = 2'38 and h — VS, whence it will be found that 
A = 2*1 inches ; that is, a solid shaft 2*1" in diameter would have 
the same torsional strength as the hollow shaft adopted. 

Observe, however, that the equivalent solid shaft has a cross- 
sectional area of 3*46 s(|uarc inches, whereas that of the actual 
hollow shaft is but 1*91 8([uare inches; thus the hollow •shaft is 
only about one-half as heavy as the equivalent solid. 

Crankshaft diameter must be considered from the point of view 
of stiff iiess as well as from that of torsional strength, and it may 
easily happen where the shaft is borne in few bearings — as, e.g., in 
the 26 H.P. eight-cylindcred Vee-type De Dion car engine, where 
there are but two main bearings — considerations of stitfness call 
for a shaft diameter in excess of that required for torsion alone. 

The stiffness of beams is measured by the ratio of the deflection 
to the span ; in the comparison here instituted it is easily shown 
that the stiffness of the hollow shaft is to that of the equivalent 
A4 

solid shaft in the ratio which has here the value of, roundly, 

0*9, so that a hollow shaft is somewhat less rigid than the torsion- 
ally equivalent solid shaft. 

The rules of Lloyd’s Register for marine internal-combustion 
engines require that the crankshaft diameter in inches shall be 
deduced from the formula ; 

' A—c^dh, .... (49) 

where d and s are respectively the cylinder boi-o and stroke, both 
in inches, and c is a constant. For four-cylinder engines of four- 
stroke cycle, and in designs— as in this— where there are two 

* It may be noted that, from Eq. (48), this is equal to ^ , and is thus always 
less than unity. 
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cranks between each pair of main bearings, the value adopted for 
c is 0*38. It is of interest to ascertain the value of c implied in 
Eq. (49) in the case of this Wolseley aero engine; thus we have 
A = 2*1, d = 5, and s = 7 ; hence we get c ~ 0*375, which is in practical 
agreement with the above value. 

Gonnecting-rodfi. — The connecting-rods are of oil-hardened 
Vickers nickel-chrome steel ; the shanks are plain circular tubes of 
uniform thickness and diameter, 1*3" outside and 1*1" inside; the 
details are clearly indicated in figs. 38 and 39, B B. The length 
between centres is about 11"; the ratio of this to the stroke length 
is only I’O, as compared with the 2*25 usual in car engines, so that 
the obliquity of the rods is increased. The big-end bearings are 
of bronze, and the bearing caps are attached by two V' big-end 
bolts with thin “ cheese ” heads and a single, pinned, castle nut ; 
each bolt has a lightening hole drilled down it to a depth of 
from the head. Each big-end bearing is 2*45" diametet* an<l 2*25" 
long, so that its “projected area” is 5| square inches, and the 
intensity of bearing pressure due to an explosioh pressure of 300 
lbs. per square inch is 1070 lbs. per square inch; this is a satis- 
factorily low value, the figure for car engines being commonly 
about 1500. The gudgeon pins are hollow steel tubes IJ" outside 
diameter and about f" inch internal diameter; the bearing is of 
bronze, and the intensity of bearing pressure due to an explosion 
pressure as above, is about 1600 lbs. per square inch of projected 
area ; as the value in car engines is usually from 2500 to 3000 lbs. 
per square inch, the figure here also is satisfactory. 

PistoThs . — The pistons C C (fig. 38) are of drawn steel, machined 
and ground to gauge ; the crowns are slightly coned, in thickness, 
and are furnished with two cooling and strengthening rings on 
their lower surface; the cylindrical portion of the piston has a 
general thickness of only is 4f" long, i.e. only about 0*9 

of the cylinder bore. 

There are four spring rings, the upper two being of cast-iron, 
each about f" wide, while the lower two are of phosphor bronze, 
and 1" in width respectively, the wider ring being placed in 
the lower portion or “ skirt ” of the piston, below the gudgeon pin. 

The axis of the gudgeon pin is only 1 from the lower edge 
of the piston, and not half way up, as wo»ld appear preferable, 
in order to distribute more uniformly the connecting-rod thrust; 
lightening holes, as shown, are made in the gudgeon zone, while 
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just above the gudgeon bearing a liglit diaphragm is fitted, appar- 
ently for the purpose of preventing oil thrown from the crank- 
clieeks from impinging directly upon the heated lower surface of 
the piston crowns, and thus becoming carbonised. 

Gylimlers , — The working barrels 1) D are of high -carbon steel, 
machined and finally ground to a finished bore of 5"' and thickness 
of only Jff". 

^J^he exceedingly strong and tough steel alloys which depend 
for their special qualities upon very careful heat treatment are 
not used for the working barrels of cylinders, as a chance over- 
heating during running might easily ruin them. Notwithstanding 
their extreme thinness, the working barrels are not really highly 
stressed by the explosions; the maximum explosion pressure is 
commonly about 300 lbs. per square inch, and the corresponding 

300 X 5 

bursting stress is accordingly only- — — =12,000 lbs. per square 

inch, which is no gi’oater than that ordinarily!|afeed with mild steel 
subjected to a var 3 nng load of one kind (in tliis case, tension) 
only. The chief difficulty experienced with these very thin barrels 
arises from the distortion to which they are liable owing to 
irregular heating during working; to reduce the chance of this 
as much as possible, they are always made as nearly as possible 
of simple cylindrical form, free from bosses and side pockets; 
largely due to this is the almost universal practice of locating the 
valves in the combustion head, although this involves increased 
complexity and weight' in the valve-actuating mechanism. In 
the selection of the steel for the working barrels, the chief con- 
sideration is that the quality chosen shall be such as experience 
has shown forms a smooth, hard, and bright surface in working. 

At the lower end of the working barrel a flange is left by 
which it is attached to the crank-case by studs and nuts, as shown 
at Z, fig. 38 ; at the upper end the thickness is increased to about 
for a short distance, and the barrel is then contracted to a bore 
of 4 J", and screwed with a fine thread, by means of which the cast- 
iron combustion head EE is attached; this combustion head is 
water-jacketed as indicated, and carries the exhaust and inlet 
valves, ignition plug, and the fulcrum of the rocking lever of the 
valve-gear ; the ruling thickness of the casting is i'"* 

The water-jackets are of spun aluminium sheet, attached at 
their upper ends to the combustion heads by closely pitched button- 
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headed screws, as shown in fig. 38 ; a watertight expansion joint 
is provided at the Junction with the working barrel at the lower 
end by means of a ring of “ Dermatine,” thus enabling the working 
barrels to expand freely without restraint from the jackets. 

The cooling water enters at the bottom of the jacket from the 
pipe G, and leaves at the very topmost point through a passage 
H in the hollow column supporting the fulcrum of the valve 
rocker; the formation of air- or steam -pockets is thus practically 
impossible. The cooling water is pump-circulated. It will be 
noted that the valve seats are both well water-cooled; this is 
especially of importance in the case of the exhaust valve, and the 
seating in this design is formed in the combustion head casting 
itself ; the ruliiig width of the cooling water space is about -^V '• 

In 1913 the Wolseley Co. produced two designs of Vee engine, 
namely, a 75 H.P. and a 90 IIP. 4''x5^'', in which 

only the exhaust valves were water-cooled, the remaining part of 
the engine being air-cooled; in these engines the weight peril H.P. 
was, roundly, 5 lbs. ; the object of the reduced water-cooling was, 
of course, to save weight of water, jackets, radiators, etc., and at 
the same time obtain an engine capable of running for long periods 
without overheating. In their later practice, however, as illustrated 
in fig. 37, they have reverted to complete water-cooling again. 

Crank-case . — The upper part of the crank-case in which the 
cylinders stand and in which the main bearings are carried is a 
substantial casting of aluminium, the general. features of whitth arc 
shown clearly in figs. 37, 38, and 39 ; the lower cover is of thin steel 
plate, easily removed, and giving immediate access to the main 
bearings and big ends. 

Lubrication is forced to the main bearings and big ends ; the 
gudgeons, pistons, camshaft, etc., depend upon the “ splash.” 

The manner in which the oil is conveyed along the hollow 
crankshaft is indicated clearly in fig. 39; it will be noted that in 
, each crank-pin and main bearing a radial hole is drilled in the 
crankshaft, which is an undesirable practice ; in the central main 
bearing there are even shown twe radial holes drilled in the same 
transverse plane! 

Two oil-pumps are fitted ; one of these draws from an external 
reservoir and delivers to the main bearings,* and thence via the 
hollow crankshaft to the several crank-pins; the exuding oil is 
whirled off* from the crank-cheeks, thus lubricating the camshaft,^ 
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pistons, etc. ; tlie excess finally collects in a sii 

the crank-case, from which the second pump delivers it back to the 
external reservoir. The use of an external oil reservoir allows the 
oil to become cooled and thus renders the lubrication more effective ; 
the avoidance of overheating the lubricant is an important point 
in the heavily worked engines of air-craft. 

Carhuration. — The carburettor is shown in section in fig. 40, 
and comprises a single spraying nozzle A, with annular float B and 
choke-tube Q (see also fig. 38) ; the annular float renders the level 
of the petrol in the nozzle independent of small inclinations of the 
engine. The cylinder suction causes a rush of air through Q, 
which takes up petrol spray from the nozzle A, forming a rich 
mixture in the chamber C; this mixing chamber is exhaust- or 
hot-water-jacketed as shown, so as to assist in vaporising the 
petrol. The rich mixture is diluted by additional air supplied 
through the light adjustable spring-loaded automatic air- valve D 
by way of the passage E, which communicates with the crank -case, 
so that the additional air supply is warmed and, contrariwise, the 
crank-case cooled, by the resulting circulation through it; fresh, 
cold air can also be admitted at will in any desired quantity by 
means of the movable slotted sleeve 0 (fig. 38) ; thus the volume, 
temperature, and quality of the mixture are very completely 
adjustable. The warm oil-misty air from the crank-case is 
delivered to the carburettor under slight pressure by an air-pump 
driven by the engine, thus ensuring an adequate supply when at 
high altitudes. F is a “ dash-pot ” disc attached to the spindle of 
the air-valve 1) in order to damp out any rapid motions in the valve 
during running. 

The mixture passes from the hot-jacketed chamber C through 
the hand-regulated sliding throttle valve H, and by way of the 
passages J J to the inlet piping K and thence to the several 
cylinders; a notch L in the edge of the throttle prevents the 
mixture from being completely cut off, and provides the cylinders * 
with a small quantity of rich mixture when the throttle is closed, 
sufficient to keep the engine slowly “ ticking ro^^nd ” when running 
light ; a drip trough P placed below the float chamber intercepts 
any petrol that may inadvertently leak. It will be seen that the 
arrangements provided, enabling the pilot to adjust the quality 
and quantity of the mixture while running, are very complete in 
cthis design. 
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Ignition . — Ignition is on the Bosch “ dual ” method, which pro- 
vides a coil and accumulators for starting and as a stand-by, and 
a high-tension magneto for normal running. The magneto — 
shown in fig. 37 — is of the shield type, giving four sparks per 
revolution; as the engine also requires four sparks per crank- 
shaft revolution, shield and crankshaft are gearcid to run at equal 
revolution rates. 

Camshaft . — The camshaft is shown clearly in figs. 38 and 39, 
at R R, and is a hardened steel tube with an external diameter of 
1’3" and internal of 0 9" ; it is in two pieces, connected by a 
flanged coupling as shown. The valve cams, eight in number, are 
each wide, and are formed in one with the shaft, and accurately 
ground to the desired form. The camshaft is driven at half -speed 
from the crankshaft by cut-steel gear wheels, and is wholly 
enclosed within the crank-case. 

Valves . — The valves, fig. 38, are of nickel steel ; the cone seated 
exhaust valve W is 2*3" in diameter in the tlumt, with a stem 
0*39" diameter; the valve seat is formed in the combustion head 
casting, and the exhaust gases pass very directly away from the 
cylinder through the exit X. The valve stem is rather long, viz. 
5", and terminates in a screwed adjus.;ing cap and lock-nut; the 
valve is held to its seat by the helical spring shown, which bears 
against a dished washer attached to the stem ; the valve head is 
of light section, and connected with the spindle by a fillet of large 
radius; the valve seat and stem guide are both effectively 
water-jacketed. 

The inlet valve is flat-seated, 2-3" in diameter in the throat, and 
is carried in a separate cast cage attached to the combustion head 
casting by a screwed nut as shown in fig. 38 ; the cage and con- 
tained valve can thus be readily removed, and through the same 
hole the exhaust valve can be withdrawn for examination or 
replacement. The stem of the inlet valve is also rather long, and 
the spring washer apparently somewhat massive ; at the top of the 
stem a screwed adjusting cap and lock-nut are provided as in the 
exhaust valve. 

The inlet valve guide is 0*02" diameter, so that the net cross- 
sectional area for inflow of mixture is 3‘5 square inches, as three 
webs, each thick, support the guide at its lower end. 

If a denote the net cross-sectional area through the valve, in 
square inches, A that of the piston, and a the piston speed in feet 
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per minute, then the moan velocity of gas, v, tlirough the valve, 
in feet per minute, is clearly given by the relation : 



Here A — ] 9-6; a~35; and <t = 1340: hence i; = 7500 feet per 
minute, roundly. In recent car engines v is commonly from 0500 
to 7000 feet per minute. 

Actuation of Valvca . — In the design shown in Og.^ 38 both inlet 
and exhaust valves are ingeniously operated by one cam, rod, and 
rocker ; the rod is a “ push-rod ” for the exhaust and a “ pull-rod ” 
for the inlet ; the valves themselves are held on their seats by the 
usual helical springs. In the case of the exhaust valve, when the 
“ plus ” part of the cam comes into contact with the roller the upper 
end of the rocker U is pushed upwards and the lower end depressed, 
thus opening the valve. When the “minus” part of the cam 
makes contact wdth the rocker the helical spring housed in the box 
S surrounding the tappet guide pulls down the rod and upper half 
of the rocker and thus opens the inlet valve. This arrangement 
evidently saves weight and mechanism and is still used by some 
other makers, as, e.g. Messrs Panhard ; it will be observed, however, 
that the spring in the box' S has to overcome (1) the resistance of 
the inlet valve spring ; (2) the inertia of the tappet, push-rod, rocker, 
and valve ; and (8) the friction of the mechanism. In this case the 
mass is evidently relatively considerable, and it has in consequence 
been found difficult to ensure that the roller shall maintain contact 
with the “ minus ” part of the cam at engine speeds exceeding about 
T200 revolutions per minute; accordingly in their later designs the 
Wolselcy Company actuate each valve independently by its own 
cam, push-rod, and rocker, as indicated in fig. 37, which illustrates 
the 1913 design. 

Trial ResuHs.-^Fom 120 H.P. eight-cylindered 5^ x 7" engines 
of the design as illustrated in figs. 38 and 39 were built for the 
Italian Government for the propulsion of dirigibles ; before accept- 
ance, each of these was required to undergo satisfactorily the 
following tests : — 

1. A run of 18 consecutive hours’ duration at a speed of 
1150 r.p.m., immediately followed by: — 

2. A run of 30 minutes at 1250 r.p.m. and 

3. A run of four hours at 1000 r.p.m. with the engine inclined 
28° to the vertical in any direction. 
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The engines all successfully accomplislic'd these tests, the power 
developed and fuel required being as follows: — 



* '% 

Throughout the 18-hour test at 1150 r.p.m. the average B.ll.P. 
developed was 122-6, corresponding to a value of rjp from Eq. (82) 
of 76*8 lbs. per square inch. 


Fiq 39. — Sectional view showing crankshaft and camshaft of Wolseley engine. 
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From Eq. 38 (supra) the mean torque corresponding to 122*6 
B.H.P. at 1150 revs, per minute is 560 Ib.-feet, i.e. 6720 lb. -inches; 
in eight-cylinder Vee engines of this kind examination shows that 
the maximum torque per cycle is about times the mean torque, 
so that the maximum cyclic torque may be taken here as T = 10,080 



Fig. 40.— -Carburettor of Wolseley engine. 


lb. -inches. Now if / denote the maximum shearing stress in the 
crajikshaft due to the torque T, then for hollow crankshafts as this 
we have : 


_16DT 


per square inch . 


and on substituting for T, D, and h their values, in this case we 
obtain : 


/= 5660 lbs. per square inch. 
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The steel here employed is, of course, of special strength and 
toughness; according to Professor Unwin, ^ the ordinary working 
stress of mild steel in torsion under a varying load producing stress 
in one direction only is 5400 lbs. per square inch ; it thus appears 
that this crankshaft is not at all heavily stressed in normal working. 

The petrol consumption during this test averaged 0*58 lb. 
per B.H.P. hour, the corresponding brake thermal efficiency from 
Eq. (41) being, roundly, 22 per cent. The oil used amouiited to 
1*53 gallons per hour, a reasonably good figure for an engine of 
this power on a prolonged full-load run. 

A subsequent test of one of these engines showed that at 800 
revolutions per minute the B.H.P. was 99, while when the speed 
was increased to 1400 revolutions per minute the power output 
rose to 147 B.H.P. ; a speed of 1400 revolutions per minute corre- 
sponds to the somewhat high piston speed of 1 633 feet per minute. 

The value of rjp was well maintained, being nearly the same as 
at normal speed, thus indicating the adequacy in size *of the car- 
burettor, valves, and piping. 

In these tests the cooling water for the cylinder jackets was 
pump-circulated from a large cooling tank ; the inlet temperature 
at the engine averaged 46’5‘’ F. and tlie* mtlet temperature 122° F. ; 
the engine was thus run much cooler than is usual in car-engine 
practice. 

The Dorman Engine. — Messrs Dorman & Company of Stafford 
have produced eight-cyliiidered Vee-type aero engines ; an illustra- 
tion of their 80 H.P. design is given in fig. 41. 

The general arrangement is similar to that of the engine just 
described, the cylinders being gi-ouped in fours mutually at 90°, 
while the eight pistons actuate a four-throw crankshaft, each 
crank-pin taking two connecting-rod ends. The bore and stroke 
were 4 and 4’75 inches respectively, with a normal speed of 1300 
revolutions per minute, corresponding to the moderate piston speed 
of only 1030 feet per minute. Eighty B.H.P. at 1300 revolutions 
per minute implies from Eq. (32) the rather high value for tjji of 
102 lbs. per square inch. 

The cylinders m this design were of cast-iron in one piece, and 
were attached to the crank-case by flanged joints each having six 
bolts and nuts ; the jacket walls were of seamless spun corrugated 
thin copper, watertightness at top and bottom being secured by 
1 Machine Design, llth ed., vol. i. p. 43. 
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^.runk-on steel bands. The water-cooling extended only to the 
or mg bands ot the cylinders, the valve seats, formed in the 
combustion head, being unjacketed. 

Ordinarily, the exhaust valve being the hottest part of the 
en ine, its seat and frequently also ite stem guide are very care- 
fully water-cooled ; 111 the Dorman engine, however, there were 
auxihaiy exhaust ports m the lower part of the cylinder barrels 



Fig. 41.— Diagram of Dorman Vee engine. 


overrun by the pstons-as in the horizontal Darracq aero engine 
already descnbed,-through which the major part of the exhaust 
gases were permitted to escape; these auxiliary exhaust ports 
remained open during the last f of the down-stroke and first of 
the return. ® 


The device of the.auxiliary exhaust port was tried in a number 
of ear y designs of aero engines, but has not survived in practice; 
If the holes were uncovered by the lower edge of the piston when 
near the top of its stroke considerable loss of lubricating oil from 
the crank-case was found to occur ; the auxiliary ports were also 





?ji?eguentiy found to " upset the mixture ” supplied to the engine, 
iind thus to cause defective running. In the Dorman engines the 
pistons were made so long that their lower edges did not overrun 
the auxiliary .exhaust ports. The gases discharged from these 
ports passed into a belt surrounding the cylinder, the several belts 
being connected up, and the gases thus ultimately released into the 
atmosphere at a desired point. Both inlet and exhaust valves were 
flat-seated, with a diameter in the throat of 2|" and' a lift of -jV ; 
they were of nickel steel, and each valve was carried in a cage of 
case-hardened Ubas steel screwed into the cast-iron combustion 
head of the cylinder. 

The flat-topped pistons were of cast-iron, 4" in diameter and 
5" in length, each with three spring rings. 

The cylinder R in this engine were exactly vis-a-vis , opposite 
cylinders actuating the same crank-pin; one piston of, each pair 
was fitted witli two slender connecting-rods working one on each 
side of the single central rod of the other piston. 

The four-throw tubular crankshaft was of Jessop’s nickel- 
chrome steel and was borne in five white-metalled bearings; 
there was also a large ball thrust bearing immediately behind the 
propeller flange ; in four of the main bearings the crankshaft was 
IJ" in diameter with a 1" hole through it, while in the fifth, viz. 
that nearest the propeller, the shaft was 2" in diameter with a 1|" 
diameter hole. 

For the shaft in this fifth bearing we have from Eq. (48) 
A = 1*838 inches, whence the value of the constant in Eq. (49) is 
here : 

0 = 0*434. 

For eight-cylindered, single-acting, four-stroke cycle engines, where 
there are two cranks between each pair of bearings, Lloyd’s rules 
for marine explosion engines require a value of C = 0*425 ; in this 
design it has evidently been considered that the two pistons acting 
on one long crank-pin constitute two cranks at 0°, and even so the 
crankshaft appears as of ample strength for its duty. • 

Into the part of the crankshaft drilled with a V hole light 
tubes of in external diameter, with their jnds expanded, were 
spun ; the annular space of tV' width all round was utilised to . 
carry the lubricating oil pumped -under p^ssure to the main 
bearings, .while cold air was enabled to pass through the tubes and 
ihus help to cool the oil and bearings. 
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A gauze-covered bell-mouthed orifice was formed* in the bottoj^ii 
portion of the crank-case, while to the upper portion a connection 
was made with the carburettor inlet; thus the air ysed by the 
cylinders was drawn through the crank -case, cooling the oil and 
moving parts, and becoming itself warmed and thus assisting the 
vaporisation of the petrol. It has already been stated that in the 
Wolseley engine the air is drawn in great part through the crank- 
ease with a similar object. 

The Dorman engine was fitted with a light flywheel of Jessop 
steel ; in the design illustrated in fig. 41 the diameter of the wheel 
was 14", with a rim 1{" wide and deep. 

Both iiilct and exhaust valves of each cylinder were operated 
by a single plus-and-rninus cam, tappet, push-rod, and rocker, as 
already described in connection with the Wolseley engine. The 
weight of^ the 80 H.P. engine complete with flywheel and all 
immediate accessories was about 375 lbs. ; the radiator, piping, and 
contained water weighed a further 75 lbs.: total 450 lbs.; this 
corresponds to 5*6 lbs. per rated brake horse-power. 

The Sunbeam Engine.— Another notable British aero engine 
of Vee-type is the eight-cylindered 150 H.P. water-cooled product 
of the Sunbeam Motor Car Co., Ltd., of Wolverhampton. In its 
general arrangement of parts this engine resembles those above 
described; the bore is 3*54" and stroke 5'92", and normal speed 
2000 revolutions per minute, corresponding to the high piston 
speed of 1973 feet per minute. The nose piece of the engine 
carries a 2:1 reduction gear, the geared-down shaft running in 
two massive ball bearings; the propeller speed is thus only 1000 
revolutions per minute. 

The cylinders are of cast-iron, each group of four being cast 
in one piece ; the jackets are of electrolytically deposited copper. 
Each group of cylinders is supplied with mixture by a Claudet- 
Hobson carburettor ; the petrol consumption at full load is stated 
to be 0*54 lb. per B.H.P. hour. 

• The Sunbeam Company also build similar twelve-cylindered 
engines developing 225 brake horse-power at 2000 revolutionsr 
per minute. The Sunbeam engines weigh, approximately, only 
3J lbs. per nominal brake horse-power, exclusive of radiators, piping, 
and water ; they are thus very light. 

The Renault Vee Engines.— Air-cooled Vee engines for air- 
craft are rare, but Messrs Renault have for several years produced a . 
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;$^nes 01 such engines, comprising designs of 40, 50, and 70 horse 
power respectively, each with eight cylinders, the two groups o 
four being mutually at 90°, and a 90 horse-power design with 
twelve cylinders in two groups of six mutually at 60°, agreeably 
with Eq. (47) (supra). A line view of one of the eight-cylinder 
engines appears in fig. 42. 

The cylinders, furnished with numerous cooling fins, are of cast- 
iron with separate, cast, combustion heads, the two being held 
together and to the aluminium alloy crank-case by a cruciform 
yoke and four long bolts as shown; the pistons are of cast steel 
with cast-iron spring riiigs. 

The valves are situated on the inner side of the combustion 
heads, with the exhaust above the inlet; the inlets are directly 
actuated by cam and tappet in the usual manner, while for 
the exhausts “overhead gear,” including push-rods and. rockers, 
is used. 

The air-stream by which the cylinders arc cooled is created by 
an encased centrifugal fan of relatively large diameter, mounted 
on the end of the crankshaft ; air is delivered by this fan into an 
enclosed space AAA between the cylinders, and escapes between 
the cooling fins. 

Though effective, this large fan and bulky casing considerably 
increase the size of the engine, and must also add materially to the 
weight and diminish the efiective power ; in fact, the weight per 
nominal as given in the Table below, is notably high for an 

engine of air-cooled type, and actually exceeds that of most of the 
best-known water-cooled Vee aero engines; thus it is not clear 
what advantage is gained, as, cceteris paribm, a water-cooled is 
usually more efficient, and is certainly more durable, than an air- 
cooled engine; nevertheless the Renault air-cooled Vee engines 
have yielded good results in actual service, and have been somewhat 
largely used in England. 

The four-throw steel crankshaft is borne in five bearings, of 
which the outer two are of the ball type, and the inner three white 
ihetal in bronze. It has been mentioned already that in the Anzani 
engines also a combination of plain and ball 4)eariDgs is adopted, 
with the object of damping out vibrations, otherwise liable to occur 
at high speeds. 

The lubrication is not forced; an oil-pump of the gear-wheel 
,^ype delivers oil from the crank-case sump to a gauze-bottomed 




above; -from which the oil gravitates along suitable* 
Igirboves formed within the crank-case to the various bearings, 
Itud into hollow rings on tho crank-cheeks, whence the centrifugal 
f^tion causes it to pass to the crank -pins ; the exudation whirled 
from the big ends generally lubricates all other moving parts; 
!the whole lubricating system is within the crank-case, and there 
are no external oil-pipes. Sufficient oil is contained in the sump 
for several hours' running; for exceptionally long runs an auxiliary 
tank is carried, which is connected up to the sump. 

Ignition in the eight-cylinder designs is effected by a shield 
, magneto giving four sparks per revolution of the shield, which 
is accordingly driven at crankshaft speed ; in the twelve-cylinder 
engine, in order to keep the magneto speed from becoming excessive, 
two machines of the ordinary revolving armature two-spark type, 
carefully synchronised, are fitted, each supplying six cylinders. 
As six igniting sparks are required from each magneto per two 
crankshaft revolutions, the magnetos are driven at i.e. 1-J times 
the crankshaft speed, and are thus run normally at 2700 revolu- 
tions per minute. The carburettor E is of the float-fed type, fitted 
with an adjustable heating arrangement to ensure correct vapor- 
isation in damp and cold weather; the air is supplied through 
a conical trunk B and pipe D; the engine exhaust pipes are 
passed through this trunk, as shown at G, and thus warm the 


; ingoing air. 

The engine is attached to the frame of the aeroplane by means 
- of two steel tubes K K, passing through the crank-case as shown 
in fig. 42, 

The normal speed of the engine is 1800 revolutions per minute, 
but the propeller is mounted upon a prolongation, H, of the cam- 
shaft, this and its driving gear being made sufficiently stout to 
transmit safely the power of the engine. The normal propeller 
speed is accordingly only 900 revolutions per minute, which 
permits the use of a propeller of large diameter and high efficiency ; 
on the other hand, the engine weight is somewhat increased by the 
ilteavier camshaft and gear involved, and there is a loss, probably 
bf the order of 5 per cent., in the efiective pc^'^er due to the gear 
transmission; accordingly it is questionable whether there is any 
feal advantage derived from this arrangement bf the drive. 

, The Table hereunder gives some leading particulars of the air- 
^^led Vee-type Renault aero engines of 1914: — 
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Leading Pauticulars op the Vee-type Air-cooled Kknault 
Aero Engines op 1914. 


Noin- 

iiiHl 

B.H.P. 

No ol 
cylin- 
ders. 

Bore 

in 

inches. 

Stroke 

111 

inches. 

Nor- 

mal 

speed, 

revs. 

per 

min.i 

Piston 

speed, 

leet 

per 

min. 

jjpin 
lbs. per 
square 
inch. 
Eq. 32. 

List 
price 
in £ 
per 
nom- 
inal 
B.n.P.5i 

WeiKht of 
eiijjrine in nin- 
ing order ; lbs. 

Over-all dimension# ' 
in inches. 

Total. 

Per 

noni- 

inal 

B.H.P. 

Length. 

Width. 

Height: 

40 

8 

2-96 

4*73 

1800 

1420 

77-8 

8*50 

211 

6*3 

30 0 

27*0 

23*0 

50 

8 

3 ■.')4 

4 73 

1800 

1420 

59*3 

8*40 

37.5 

7-5 

48*5 

26*5 

25*5 

70 

8 

3*78 

5 *.52 

1800 

1656 

62*4 

6*86 

396 

5*7 

4.5*5 

29*8 

32*8 

100 

12 ^ 

3 78 

5*52 

1800 

1656 

59*3 

6*80 

638 

6*4 

56*3 

32*3 

39*5 


Ihe piston speed appears rather high for continuous heavy- 
load running, particularly in tlie 70 and 100 horsc-power designs ; 
the values of rjp from Eq. 32 are very low, no doubt on account of 
low volumetric efficiency due to the high speed and air-cooling; for 
the three types most largely used the average value is, roundly, only 
60 lbs. per square inch ; values ol 90 to 100 lbs. per square inch, 
or even higher, are not uncommonly attained in many instances. 

Messrs De Dion, so long famous for their liigh-spced motors, 
also build an eight-cylindered 3'94"x4*73^' air-cooled Vee aero 
engine of 80 running normally at 1700 revolutions per 

minute, with the propeller carried on the camshaft and accordingly 
running at only 850 r.p.m. The weight of this engine is 484 lbs., 
so that the weight per nominal B.H.R has the high value of 
G-05 lbs. 

Messrs Pd;nlia«rd & Levassor build aero engines of both 
vertical and Vee type. Their 100 horse-power eight-cylindered 
4-33" X 5*52'" water-cooled design is illustrated in fig. 43. 

The constructive arrangement and details do not depart much 
from good car-engine practice ; thus each group of four cylinders, 
together with the water-jackets, is a single casting; the valves 
are side by side in pockets on the inner sides of the combustion.' 
chambers, and are direct-driven in the usual car-engine manner; 
and the pistons are of pressed steel with cast-iron spring rings. 

The connecting-rods are of H-section in' nickel-chrome steel; 
the crankshaft is also of this material, and is borne in white- 
metalled bearings housed in a crank-case of aluminium alloy. The 

‘ The propeller runs at half this si^eed, viz. 900 revolutions per minute. 

* Delivered at the gates of Messrs Renault’s Paris works. 




'^rfcurettor is placed beneath the engine, and long inlet pipes leac 
np to the valve chambers as shown in fig. 43. 

The normal speed of the engine is 1500 revolutions pei* minute 
but here also the propeller is carried on an extension of the cam 
shaft, and thus normally runs at only half this rate, ’’bhe weigh 
of the engine complete with immediate accessories is 440 lbs., o 
only 4*4 lbs. per nominal the radiator, piping, and wate 



Fig. 43.— Eight-cylinder 100 H.P. Paahard “Veo” engine. 


weigh jointly 90 lbs., so that the engine in running order weighs 
altogether 530 lbs., or 5‘3 lbs. per nominal B.TI.P. 

Among other Vee aero engines may be mentioned the Clcrget, 
Laviafcor, Hall-Scott, Frontier, Curtiss, and those of the All British 
Engine Company (A.B.C.) and the New Engine Company (N.E.C.); 
a sufiScient account of the type has, however, been given above. 
The next chapter deals with engines of the vertical type, which 
especially in the six-cylindered design— rece’ived great attention 
during the period 1912-1914, and has been breught to a considerable 
degree of perfection, particularly in Germany. 



CHAPTER VII. 

VERTICAL AERO ENGINES. 

Jn the evolution of the motor car the four-cylindered design c 
veitical engine has prevailed over all other arrangements ; as use 
in car service it is always fitted with a flywheel, partly in order t 
reduce the cyclic speed fluctuation, and partly because its innc 
surface is in general utilised as one element of the clutch. In 
relatively small proportion of cases the six-cylindered vertic£ 
engine is also employed in cars. It was accordingly inevitabl 
that light four-cylindered vertical engines should be early propose 
for use in the propulsion of, air-craft, and reference to the Table c 
aero engines circa 1910 in Chapter III. shows the extent to whic 
this type was at that time offered; of 76 engines in that Table, 2 
are vertical, 22 of these being of the four -cylinder pattern. 

Even at the end of 1912, in a list of 112 aero engines compile 
by Graham Clark,^ 42 were of the vertical type, 24 of these havin 
four cylinders, 16 six cylinders, while there was one three 
cylindered and one eight-cylindered desigm 

On the other hand, in the Paris Aero Show of 1913, of 5 
engines exhibited, 8 only were vertical, 4 having four, and 
having six cylinders; thus there was a great falling-ofl‘ in th 
proportion of vertical engines. French and British aviators, a 
the result of experience, have generally formed the opinion tha 
the four-cylindered vertical engine, even with the undesirabl 
adjunct of a substantial flywheel, does not communicate to the ai 
propeller a rotation of sufficient steadiness, and that excess! v 
vibration of the wlfole machine, “fluttering,” and even actu^ 
breakage of the propeller are much more frequent with this tha 
with other types in which the cylinders are more numerous. 

^ Proc, Inst, Auto, Eng,y vol. vil 
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^VMoreover, the largely increased power which experience has 
^bved to be necessary for modern aeroplanes renders it impracti- 
•^able to use only four cylinders, as the bore becomes so large that 
’the cyclic fluctuation of speed is much increased, with resulting 
increased vibration and stress in the propeller and aeroplane 
generally. 

The six-cylindered vertical design for long gave trouble in 
car work, mainly owing to crankshaft vibration and want of 
longitudinal stiffness ; but these and other difficulties of the type 
have been fully surmounted, and the six-cylindered vertical engine 
came rapidly to the fore between 1912 and 1^4 as a satisfactory 
motor for air-craft. Its long crankshaft and crank-case would 
seem to render it necessarily a somewhat heavier engine for its 
power than the short and compact Vee engine ; on the other hand, 
being very narrow in end aspect, it offers very little obstruction to 
the view of the pilot, and its form being well adapted to a stream- 
line form of casing reduces head resistance. 

The six-cylindered vertical aero engine has been brought to a 
high degree of perfection in Germany, a list of 84 German standard 
aeroplanes in the summer of 1914 showing that no fewer than 31 
were propelled by vertical engines, 17 vi these being of six-cylinder 
and 14 of four-cylinder type. 

The Wright Bros. Engine. — The four-cylindered vertical 
engine used by the Wright Brothers in their famous pioneer flying 
is of historie interest ; designed and built in their own workshops, it 
was with one of these engines that mechanical flight was first practi- 
cally achieved on 17th December 1903. The vertical engine of the 
Wright biplane of that date had four separate cast-steel cylinders, 
the combustion heads and valve pockets being included in the cast- 
ing ; the valves were on top and were interchangeable ; the inlets 
were of the automatic type, while the exhausts were operated by 
push-rods and rockers. The jackets were of thin aluminium, and 
extended to the cylinder barrels only, the combustion heads being 
unjacketed. The steel connecting-rods were of tubular cross- 
section — a feature that appears also in the later Wolseley engines 
described in the previous chapter. A small rotary pump discharged 
the petrol through a small jet orifice placed in the bell-mouthed 
end of the inlet pipe, thus providing the “ mixture.” There were 
two propellers driven from the engine crankshaft by two sprockets 
and two chains ; the engine sprockets were 9-toothed, while those 
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thus the reductioli.' 


BOnnected to the propellers were 33-toothod; 
of speed was as 1 ; 3f . ’ 

'^ith a normal 

speed of IjOO revolutions per minute; at this speed the engine 
^ 

per tJ.H.P. was 7 lbs. ^ 

The Panhard Engine.— Messrs Panhard & Levassor have for 
some years built aero engines both of the Vee and vertical types- 
fig. 43 shows one of the former, while fig. 44 illustrates their four- 



Fio. 44. -Four-cylinder 35 H.P. vertical Panhard engine. 

eylindered 35 horse-power vertical design. The four cylinders are 
separate, and are cut out of solid steel billets; the combustion 
heads are of cast-iron ; the bore is 4-33", and stroke 5-52". 

The jacket walls are of thin corrugated copper soldered into 
grooves at the lower ends of the working barrels, and clamped by 
screws o t e combustion heads; the water connection between 
adjacent cylinders is made by means of short abutting pipes 
covered by rubber rings held in place by steel straps. Freedom of 
expansion of the working barrels is thus ensured, while the relative 

small motion of adjaCfent cylinders can occur without any stresses 
being set up. 

The pistons and rings are of cast-iron, very thin and light; 
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jatfeel pistons wore at first used, but, in common with several oth^r 
builders, Messrs Panhard have reverted to cast-iron. 

The crank-case is of aluminium alloy, and the crankshaft is 
borne in five bearings. 

Valves . — The chief point of interest in the Panhard aero engine 
is found in the concentric inlet and exhaust valves, which are 
placed in the combustion head, and are coaxial with the cylinder; 
a diagrammatic sectional view of the arrangement adopted is given 
in fig. 45. 

The exhaust valve, shown in black in the figure, is annular and 
has a trunk stem of large diameter, which forms the passage for 
fresh mixture to the inlet valve, the seat of which is formed in the 
back of the exhaust. The inlet valve spring is lK)used in the upper 
part of the exhaust valve trunk as shown, while the exhaust valve 
spring is external and visible, and stands on the casing carrying 
the combined valves. 

Blith valves are operated by one plus-and-minus cam, push-rod, 
and rocker, as in the case of the Wolseley engine already described. . 

In the left-hand view the piston is commencijig its working 
stroke, and both valves are accordingly closed ; in the top right- * 
hand view the exhaust valve is open, and it is obvious how this is 
effected by the action of the plus portion of the cam. In the 
lower right-hand view the inlet valve is open ; this is ingeniously 
effected by means of a small reversing rocker C swinging on a 
fulcrum pin carried in a bracket D formed on the exhaust valve 
spring washer E. An arm F from the main rocking lever H 
engages with the under side of the outer extremity of the small 
rocker C, so that when, by the action of the spring housed in the 
tappet-rod casing, the tappet roller descends into the negative - 
portion of the cam the arm F is raised, thus depressing the inner 
end of C, which bears upon the end of the inlet valve stem, and so 
opens the valve. 

The combined valve seems to have been first used in the “ Pipe ” 
petrol engines, and its use was continued in the air-coolcd 'Yee- 
type aero engines built by the Pipe Co.; it enables valves of very 
large diameter and low lift to be used, and tjius confers the advan- 
tage of a larger area for inflow and outflow of gas than can be 
obtained by separate valves in the cylinder head. Moreover, the 
exhaust valve head, which is usually the hottest part of the engine, 
is here replaced by the inlet valve, and the successive rushes of 




BOnsiderable when the exhaust valve is opened, as the whole com- 
bined device then tnovds as one rigid piece ; the opening is eflFected 
by the positive action of the cam, but a strong and stiff spring is 
awessary to cause it ,to close with sufficient celerity. The inlet 







^ve, as in ' the case of the Wolseley engine, is opened by t%^ 
spring housed in the tappet-rod box, and this spring has to be 
strong enough to overcome the resistance of the inlet valve spring, 
the inertia of the mass moved, and the internal friction of the 
mechanism. As Messrs Panhard have adhered to this mode of 
construction for some years, however, it may be concluded that in 
their hands, and at the speeds at which their engines are run, it 
yields satisfactory results in actual service. 

On test, this 35 B.H.P. engine has been found to be capable of 
developing for several hours continuously 43 B.H.P. at, roundly, 



Fio. 46.— Six-cylinder 70 If.P. Cheim engine. 


1100 revolutions per minute j from Eq. (32) the corresponding 
value of nP is 95 lbs. per square inch, a high figure; the piston 
speed is only 1012 feet per minute. The petrol consumption is 
stated to be 0*52 lb. per B.H.P. hour at full load, corresponding 
by Eq. (41), to a brake thermal efficiency of 24*5 per cent. 

The weight of this engine, including magneto, carburettor, 

water pump, and piping, is 220 lbs., corresponding to == 5T Iba 
er B.H.P. 

The Ohenu Engine,— An external view of the six-cylindere^ 
irater-Kjooled 4*33" x5T2" Ohenu 70 horse-power vertical aerc 
ngine is given in fig. 46. The cylinders, complete with jackets 
of cast-iron, in pairs,, and are supplied with gas -by the tm 
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carburettors shown; the valves are on one side, and not in tftc, 
cylinder heads as is now so usual. The pistons are of pressed 
steel with cast-iron spring rings; the nickel-chrome steel crank- 
shaft is borne in four white-metalled bearings carried in an 
aluminium alloy crank-case. The jiropcller shaft as illustrated is 
geared down from the crankshaft, but this speed-reducing gear 
may be omitted when desired. 

A point of interest in connection with this 70 horse-power 
engine is its fine performance under tests carried out in the 
laboratory of the French Automobile Club, in respect of power 
development. At a speed of 1G17 revolutions per minute, corre- 
sponding, by Eq. (33), to a piston speed of about 1380 feet per 
minute, the brake horse-power was no less than 99’7, corresponding, 
from Eq. (32), to the high value of tjp of 107-6 lbs. per square inch. 
That this was not accidental is shown by the test results obtained 
from a four-cylindered Chenu engine of the same type which 
furnished a value of )jp of 105 lbs. per square inch. The petrol 
consumption of the 70 horse-power engine amounted to 0-542 lb. 
per B.H.P. hour, the corresponding brake thermal efficiency, from 
‘ Eq. (41), being 23*5 per cent. ^ 

The quantity of lubricating oil used was also very small, 
amounting to only 0'5 lb. per hour. 

The engine had no flywheel; the weight complete with all 
usual accessories was 394 lbs.; the radiator, piping, and cooling 
water may be taken as a further 72 lbs., bringing the total weight 
of the engine in running condition to 466 lbs. This corresponds 
to 6*66 lbs. per nominal B.H.P., and about 4-7 lbs. only per maxi- 
mum B.H.P. 

The Austro-Daimler Aero Engines.— An external view 
showing the general arrangement of the six-cylindered vertical 
aero engine of the Austro-Caimler Co. is given in fig. 47, while 
:fig. 48 is a part longitudinal view showing one of the car- 
burettors and inlet manifolds, and also the valve-rods and rockers. 
Thes^ engines have proved very successful during the past, four 
years, in both aeroplanes and dirigibles, and are .in use in the air 
fleets of the British, Russian, Italian, Austrian, and German armies ; 
they are now constructed in Great Britain by Messrs Beardmore 
of Glasgow. 

i A transverse section through one cylinder is given in fig. 49. 
The hollow 'Crankshaft & of nickel -chrqpie steel, borne in seven 
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fc1iit^.-metalled bearings having exceptionally deep and stiff nearing 
saps, as shown. The propeller boss is fitted at the end of the shaft 
passing through an extension of the aluminium alloy crank-case 
about 12 inches in length, and is supported by ball thrust bearings ; 



Fio. 47. -“End view of six -cylinder vertical Austro- Daimler engine. 


tins extension permits a “ stream-line ” housing to be fitted conveni- 
ently at the ‘' nose ” of the aeroplane. The pressed steel connecting- 
rods are of the usual H ‘lection, about 3J cranks in length between 
centres, and are fitted with four bolts in each big end ; the very 
light pistons are of pressed .steel with three cast-iron spring rings 





The SIX separate cylinders are of cast-ii.,*., ucj^ 

machined both within and without; a pressed steel flange 
(fig. 49) is screwed to the lower part of each working barrel, ai|^ 
this is attached to the crank-case by seven holding-down bolts;^, 
four of which are extended to form also main bearing bolfer-j 
whereby the crank-case is. relieved, of working stress, and can 
thus be built of light section. 

The cylinders are offset or “desaxd” (see p. 77) by a distance , 
C, equal to about one-fifth of the crank radius, thus reducing the 
connecting-rod obliquity, and hence the piston friction, during the \ 
working strokes. 

The jacket cooling water is circulated by the small centrifugal 
pump at the back of the engine, as shown in fig. 47 ; the jacket 
walls are of electrolytically deposited copper, and, as will be seen 
from fig. 49, the water enters at the bottom of the jacket and leaves 
at the highest point in such a manner as to avoid any possibility 
of the formation of pockets in which steam or air might ‘collect, 
while the exhaust valve seating and stem guide are both well . 
cooled. 

Lubrication is forced;, a Bosch lubricator driven from the 
crankshaft through helical gearing contains a group of pumps, 
each of which delivers oil under high pressure to one weldless- 
steel main oil lead, as indicated in fig. 47. Each pump includes 
two small plunger rods of variable stroke, one of which acts as a 
piston valve, the other as a normal pump plunger. 

Ignition, Double ignition is fitted, i.e, there are two sparking 
plup in each conibustion head, placed at opposite ends of a diameter, 
as indicated in fig. 48 ; the igniting currents are supplied by two 
synchronised Bosch high-tension magnetos, each supplying one of’ 
the plugs in each cylinder. 

When a position can be found for a second sparking plug in a 
cylinder where the freshly introduced charge is , sufficiently rich 
to^be readily ignitible, and the plug does not become oily or sooted, 
up in Working, the extra plug reduces the time of explosion (see^ 
p. 27) of the -charge and inci*eases both the ppwer and ’ ^cieucy;^ 
of the engine, especially at high revolution speeds. It is not alWaya] 
.possible* however, tp^find a satisfactory position., for the extra plu^l 
this being dependenVupon the form and ske of , tfo combusfciol| 
chamber, and the position and size of the valves ; hence it has 
found that no perceptible aWaptege haa resi^ 
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adoption of double ignition. In other cases, however, a marked 
gain has been shown ; in some experiments upon a four-cylinder 
Clement-Talbot engine by Dr. W. Watson, F.R.8.,^ for example, the 
following results were obtained : — 


Revs, per 
minute. 

1100 

1000 


T II. P. with 
single ignition. 

18-4 

20-0 


r.H.P. with 
double Ignition. 

20-8 

29-2 


In the A 11 strO' Daimler engine with two magnetos and two sets 
of plugs there is the further advantage of a reserve ignition in case 
of the failure of one of the systems. 

Mixture . — The mixture is supplied, as shown in figs. 47, 48, 49, 
by two water-jacketed lloat-feed carburettors B B, identical in con- 
vstruction and adjustment, each supplying three cylinder^^ through 
its own inlet manifold ; the carburettors are simultaneously optu’ated 
by the aingle control-rod shown ; the floats are annular, and each 
carburettor is of the single spray nozzle type. 

Trouble was experienced with early designs of six-c 3 dinderod 
car engines supplied by only one carburettor through the first and 
sixth cylinders fre(|uently being starved vn account of their distance 
from the carburettor ; this trouble is overcome by the method here 
adopted. 

With the usual order of firing, viz. 1, 4, 2, G, 8, 5, it will be 
noted that not only do no two adjacent cylinders hre consecutiveh", 
but also that the working impulses occur alternately in one 
cylinder of each of the groups of three, so that in each carburettor 
the suction pulses occur at regular time intervals corresponding to 
240° of crankshaft revolution, and upsetting of the mixture is thus 
prevented, ajid the action of each carburettor rendered uniform. 

Valves . — The interchangeable cone-seated valves, each about 
one-half of the cylinder bore in throat diameter, are placed in the 
cylinder head, each with its axis at 30° to the vortical, as shown in 
fig. 49; the exhaust valve seating and stern guide are formed ih 
the combustion head casting, and are well water-cooled. The inlet 
valve is borne in a separate casing, or cage, fixt^d in position by an 
easily removable hollow flange-nut C; on removing the inlet valve 
cage the exhaust valve can be withdrawn throujjh the opening left. 

Both valves are held to their seats by the neat and simple 

* Proc Inst. Auto^ Eng..^ vol. iii. pp. 388-9. 


9 



130 


AERO ENGINES. 


device of a single laminated spring D, clamped at its centre in the 
column supporting the fulcrum of the rocker, as shown in figs. 47 
and 49. Both valves are also operated by one push-rod and rocker, 
but instead of the inlet being opened by the agency t)f a spring 



Fio. 48.— Six-cylinder Austro-Daimler, carburettor aide. 


housed in the tappet guide box, as in the early Wolseley and Panhard 
aero engines already described, the Austro-Daimler Co. have in- 
geniously contrived that both valves shall be positively opened by 
ui^ing two cams in conjunction with a bell-crank lever. 

The arrangement is indicated in fig. 49 ; to the end H of the 
^ bell-crank lever turning upon the fulcrum L, the lower end 



Fio. 49.— Sectional view of AustrO'Daimlenaero engine. 
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of the light tubular push-rod M is connected by a pin-joint. The 
arms of the bell-crank are, however, not in the same plane, LH 
being behind LK ; the cam E actuates the rollered end K of the 
bell-crank, and when its -f- -part makes contact with K the push- 
rod M descends and the inlet valve is opened. Behind E is a 
second cam — not shown in fig. 49 — by which the rollered end H 
is actuated ; when the -j- -part of this cam makes contact with H 
the push-rod M rises and the exhaust^ valve is opened. The cams 
are necessarily cut away, or have a “ minus ” portion, in order that, 
when either end of the bell-crank is moving away from the axis 
of the cam-shaft, the other end may be free to approach this axis — 
as is obviously necessary. 

Thus each valve is positively actuated, the masses moved are 
equal, the total mass to be moved is small, and the friction of the 
gear is reduced to a minimum. 

General . — The six-cylindered aero engines of the Austro- 
Daimler Company are in two sizes, viz. (1) the 4'73"*x 5*52" 
engine rated at 90 B.H.P., and (2) the 512" x 6*9" engine rated at 
120 B.H.P. 

Tests of a 90 H.P. enginqAnade by the Austrian army authorities 
in 1913 included a run of twenty consecutive houi’s, at a speed 
of 1320 revolutions per minute, an output of just over 90 B.H.P. 
being maintained. 

The 120 B.H.P. type runs normally at 1200 revolutions per 
minute, the corresponding piston speed (Eq. 33) being 1380 feet per 
minute. The effective valve diameter appears to be about 0*48 of 

that of the cylinder; hence in Eq. (50) we have — =4*34, 

and consequently v = 6000 feet per minute, a very satisfactorily 
low figure. The weight of the 120 H.P. engine, including the usual 
immediate accessories and also the radiator, is 575 lbs., correspond- 
ing to only 4*8 lbs. per rated B.H.P. 

An output of 120 B.H.P. at 1200 revolutions per minute 
corresponds, by Eq. (32), to the high value of 93 lbs, per squ&re 
inch for tjp. The petrol consumption is about 0*54 lb. per B.H.P. 
hour at rfull load, wiiile the lubricating oil then used amounts to 
only some three-eighths of a gallon per hour ; thus both in fuel and 
oil the engine is economical. 

The Cody biplane to which the £5000 prize was awarded in 
.the British military trials of 1912 w^ propelled by one of these 
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120 H.P. engines. It was also by aid of a 120 H.P. Austro-Daimler 
engine that Oelerich, at Leipzig in July 1914, climbed to the record 
height of 24,800 feet in an all-steel military D.F.W. biplane. 

The Merc4d^s-Daimler Aero Engines.— These very successful 
vertical aero engines are made with four, six, and eight cylinders 
at Stuttgart, Unterttirkheim, and are supplied in Great Britain 
by Messrs Milnes-Daimler-Merc6des, Ltd., of Long Acre, W.C. 

The six-cylindered 100 H.P. design is specially favoured by 
German military airmen, and external views of this are given in 
figs. 50 and 51. 

The water-cooled cylinders are cast in pairs, the jackets 
originally forming part of the casting, but latterly being of steel 
Welded on ; the cylinders are attached to the crank-case by flanges, 
studs, and nuts. The bore of the 100 H.P. engine is 4 73", and 
the stroke 5'52" and these engines develop 95 B.H'.P. at 1200 
revolutions per minute, rising to 105 B.H.P at 1350 revolutions 
per minute, the petrol consumption at full load averaging 0’55 lb. 
per B.H.P. hour. The piston speed at 1200 revolutions per' minute 
is 1104 feet per minute, a moderate figure; while 95 B.H.P. at this , 
speed implies, by Eq. (32), the very hii h value of rjp of 108 lbs. per 
square inch. 

The weight of the 100 H.P. engine complete with two magnetos, 
water and oil pumps, piping, connections, propeller boss, and 
l|-gallon auxiliary oil tank, is 459 lbs., corresponding to only 

^~? = 4*83 lbs. per actual B.H.P. 

95 

The pistons are of pressed steel with cast-iron rings, while the 
connecting-rods are of the usual H -section in nickel-chrome steel 
stampings. The nickel-chrome steel crankshaft is borne in white- 
metal bearings housed in an aluminium alloy crank-case, with 
large oil sump containing sufficient oil for a full-load run of six 
hours ; for more prolonged runs a reserve oil tank is fitted. Lubri- 
cation is forced throughout, including the cam-shaft and rocker 
bearings. The propeller is attached to the coned and keyed end 
of the crankshaft,* which issues from an extension of the crank- 
case as shown in figs. 50 and 51. 

The valves are in the cylinder heads an^ are inclined; each 
vaive is driven by its own rocking lever, these being directly 
actuated in the 100 H.P. design by cams carried on an overhead 
enclosed half -speed cam-shaft, driven by a vertical spindle through' 
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Fig. 60. Six-cylinder 100 H.P. Merced6s engine, exhaust side. 

A 



Fio. 61.— Six-cylinder 100 H.P. Merc^dfes engine, showing carburettors. 
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exposed bevel gearing from the propeller end of the crankshaft, - 
as shown in the illustrations; this mode of valve operation has 



Fig. 63. -Eight-cylinder 240 H.P. Merc6d6s-Dainiler engine. 


able set screw and locking bolt, so that the^ecessary small clear- 
ance at the end of the valve stem may be accurately set. 

Ignition is by two high-tension Bosdh magnetos carefully 
synchronised ; each cylinder — as in the Austro-Daimler is fitted 
with two sparking plugs, and each magneto serves one plug in each 
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cylinder; the adYantage of double ignition is thus obtained, in 
addition to a reserve ignition being provided. 

There are two water-jacketed carburettors, clearly shown in 
fig. 51, each supplying mixture to three cylinders slibstantially 
as in the engine previously described {q.v .) ; the petrol is exhaust- 
pressure fed to the carburettoi's. 

On 10th July 1914 Herr Bohm performed the remarkable feat 
of remaining in the air for 24 hours 12 minutes in an “ Albatross ” 
biplane driven by one of these six-cylinder 100. If.P. Merc^das- 
Daimler engines; though very light for their power, this very 
severe test amply demonstrates their durability. 

Figs. 52 and 53 illustrate the eight-cylindered 240 H.P. Merc4d^s- 
Daimler engine as designed for the propulsion of dirigibles; here 
again the cylinders are in pairs, but the valves are shown as 
operated by push-rods and rockers. The following Table gives the 
leading particulars of these and the other Merc6des-Daimler aero 
engines of 1914 : — 


Leading Particulars op the Vertical Water-cooled Merc^dIss- 
Daimler Aero Engines in 1914. 


Nom- 

inal 

B.H.P. 

No. of 
cylin- 
ders. 

Bore 

in 

inches. 

Stroke 

in 

inches. 

Normal 
speed in 
revs per 
min. 

Piston 
speed in 
feet per 
min. 

List 
price in 
£per 
nominal 
B.H.P. 

jjp in lbs 
poi square 
inch from 
actual 
B.II.P. 

Weight 
uf engine, 
excluding 
radiator. 

Lbs. 

Weight in 
IhB. per 
nominal 
B.H.P. 

70 

4 

4-73 

6*62 

1200 

1104 

5-50 

102 

308 

4 '4 

80 

6 

4T3 

5-52 

1200 

1104 

6 '06 

111 

312 

3-9 

90 

4 

5-52 

6-92 1 

1200 

1184 

6 -67 

99 

400 

4 '44 

100 

6 

4-73 

6-52 1 

1200 

1104 

6 *85 

108 

444 

444 

120 

4 

6 '83 

6-49 I 

1100 

1190 

6 '29 

89-6 

660 ^ 

6 -6 

240 

8 

6-88 

6 '49 

1100 

1190 

5 15 

89 '5 

1820^ 

7 '68 


Note. —The first four engines develop only 60, 75, 85, and 95 B.H.P. respectively, at 
1200 revolutions per minute. 

The Green Aero Engine.— The Green Engine Co., Ltd., of , 
London, has for the past seven years steadily adhered to the water- 
coolpd vertical type of engine for aircraft propulsion, and he.s 
obtained several noteworthy successes, which have culminated in 
the gain of the £5000 prize for the performance *of their 120 H.P. 
engine in the Naval Ind Military Aeroplane Engine Competition 
of 1914. 

An external view of this successful engine from the carburettor 
* Wlien with flywheel, add 99 lbs. and 123 lbs. to these weights respectively. 
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side is given ‘in fig. 54; it will be noted that the cylinders are 
separate, and connected to the crank-case by a flanged and bolted 
joint. The bore is inches and the stroke 6 inches, and 120 
B.H.P. is developed at a speed of 1250 revolutions per minute, 
corresponding to a piston speed also of 1250 feet per minute, 
and a value of tjp of 89 lbs. per square inch. The weight of the 
engine complete with all usual accessories is stated as 440 lbs., 
corresponding to only 3*67 lbs. per full B.H.P. The Green aero 
engines are built by the Aster Engineering Co., Ltd. 

A longitudinal elevation, partly in section, is given in fig. 55, 
while fig. 56 shows a transverse section and also an end view. 

The Crankshaft . — The six-throw hollow crankshaft is of 
vanadium-chrome steel, 1*97 inches in external diameter and about 
0*90 inch diameter internally ; the six throws are arranged in the 
usual “ opposed-three ” manner, viz. with Nos. 1 and 6, fL and 5, and 
3 and 4 severally together, so that there is no “ rocking ” couple 
when fhe engine is running. 

The crankshaft is very firmly supported in seven white-metalled 
main bearings of an aggregate length of about 16i inches, carried 
in an aluminium alloy crank-case of^ exceptional depth and stiff- 
ness ; moreover — as indicated in fig. 55 —the holding-down bolts of 
the cylinders are continued through columns in the crank-case, so 
that their lower ends form the main bearing bolts ; thus the tension 
due to the explosions is directly borne by these bolts, and the crank- 
case so far relieved from stress. 

The crankshafts of vertical six-cylindered aero engines have 
given much trouble, not only from insuflScient stiffness, but also 
from the frequency of fractures ; in this design the shaft is very 
fully supported in an especially stiff crank-case, and it is of interest 
to apply Eqs. (48) and (49) (ante) to the case to ascertain the implied 
value of the constant C. 

It will be found from Eq. (48) that A = 1*93 inches, and accord- 
ingly from Eq. (49) that 0 = 0*34; Lloyd’s rule for the crankshafts 
of*the heavily worked engines of motor boats, when of the six- 
cylindered type ^ith a bearing between each crank — the shaft 
being of ordinary mild steel, — is that C should have the value 
0*36 ; in this case the special material employed has caused the 
builders to take a rather lower value for the constant. 

The propeller thrust is resisted by the double ball thrust bear- 
ing A (fig. 55), situated near the left-hand end of the crankshaft. 
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The FlywheeL-~At the propeller end of the shaft will be 
observed a flywheel bolted to a long-sleeved boss keyed to the 
shaft, and held in position by an end nut B. The flywheel has an 
‘^external diameter of 19 inches, and thQ rim is 1*6 inches wide and 


Fig. 6 i.— External view of six -cylinder 120 H.P. Green engine, showing carburettors. 
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1'4 inches deep ; the rim weight is accordingly about 30 lbs., and 
its rotational energy at 1250 revolutions per minute is about 4750 
foot-lbs.. 

Oil is forced through the hollow crankshaft from the main 
bearings, and reaches the big ends through holes drilled radially in 
the shaft, as shown in fig. 55; this is a common but eminently 
undesirable practice, as the sections of the shaft in which these 
holes occur are much weakened. 

The Connecting-rods . — The connecting-rods are nickel -chrome 
steel stampings of H section, with the webs drilled out in order to 
reduce their weight as much as possible, and of a length between 
centres, roundly, 3J times the crank radius. The big ends are 
white-metalled and of very light design ; each has two cap bolts ; 
each big-end bearing is 1*97 inches diameter and 2*75 inches long, 
the corresponding “bearing area” being 1*97 x 2*75 5*4 square 
inches. Assuming, as usual, an explosion pressure of 300 lbs. per 
square inch, this corresponds to, roundly, 1300 lbs. per square inch 
of bearing area — a normal pressure intensity in the petrol engines 
of cars. 

In the gudgeon end the unusual V-Mctice is adopted of firmly 
attaching the connecting-rod to a holiow steel gudgeon pin, and 
making the working joint between this pin and the two bronze- 
bushed piston bosses ; in the very great majority of petrol engines 
of all kinds the pin is fixed in the bosses, and the working joint is 
between the pin and the bushed eye of the connecting-rod. 

Each gudgeon pin is about 0*95 inch in diameter, and the 
joint length of the two bearings in each piston is 2*6 inches ; hence, 
proceeding as above, it appeai-s that, due to the explosion pressure, 
there is a momentary maximum of 2900 lbs. per square inch of 
bearing area on the gudgeon pin — again a normal value. 

Pistons . — The pistons are of cast-iron with dished crowns — 
which is not a very usual practice, though it is found in the 
Daimler-Knight sleeve-valve engines, and has recently been 
adopted also in the latest design of single-valve Gnome engine 
(v. infra); it is eornetimes claimed to be theoretically good as 
causing the combustion chamber to approxinwite more nearly to a 
spherical form, thus giving maximum volume with minimum 
cooling surface, and sometimes it is merely said to keep the 
cylinder cleaner by holding any dirt or loose scale that may form 
on and drop from the combustion chamber. Each piston is furnished 
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with three cast-iron spring rings, and has a length of 4*9 inches, 
i.e. 0*9 of the cylinder bore. 

Cylinders.— TliQ six slightly offset cylinders are all separate, 
and each is attached td the crank-case by a flanged joint with four 
bolts, which are extended downwards to form also the main bearing 
bolts, as already stated j there is also a fifth stud and nut standing 
in the crank-case, fl’lie cylinders are here of cast steel, machined 
within and without, the finished thickness of the working barrel 
being about 0*17 of an inch. From the flat cylinder top two 
cylindrical branches C C project vertically upwards ; into these the 
inlet and exhaust valve cages are respectively fitted ; as shown at 
D D, these two branches slightly overlap the working barrel, so 
that, in the event of a valve stem breaking, the head of the valve 
is unable to fall into the cylinder ; risk of fracture of the piston 
crown is thus avoided. 

Cylinder Jackets . — Tlie jacket walls E E are of very thin spun 
copper, making a metal-to-metal joint with the top of the cylinder, 
while at the lower end watertightness is preserved and expansion 
^ permitted by a rubber ring F F placed in the recess between two 
small flanges left on the working barrel as shown. The copper 
jacket is slightly belled out at its mouth and firmly pressed over 
the rubber ring ; a very eflective and permanent water-joint is thus 
secured, and it has been noted that after some time the jacket wall 
even bulges slightly outwards, owing to the pressure exerted upon 
it by the rubber ring; the width of the water space around the 
cylinder is only about 0*3 inch. 

The cooling water is circulated by the pump G, shown in the 
right-hand view in fig. 5G ; this pump is driven from one end of 
a horizontal shaft operated by skew gear wheels H (fig. 55); to 
the other end of this shaft is attached the high-tension ignition 
magneto K. The pump draws from the radiator and delivers into 
the horizontal pipe L, with which the bottoms of the several cylinders 
are connected by short branches M ; the heated water leaves the 
jackets at the top by means of the branches N to the pipe P, and 
thence returns to the radiator. 

Each cylinder develops, roundly, 20 B.H.P. at full load ; assum- 
ing, as in Chapter 11^ (p. 41), a rise of 40° F. in the jacket- water 
temperature, this involves the passage of 20 pints, i.e. 2J gallons of 
water through each cylinder jacket per minute, and the pipes L 
and P acco'tdingly have to pass a maximum of 6 x 2J = Ih gallons 
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of water per minute. As these pipes have an internal diameter of 
about 0’95 inch, the mean velocity of the water through them is, 
roundly, 8 feet per second. 

The Crank-case . — The upper half of the crank-case, to which 
the cylinders are bolted, is an exceedingly deep and strong casting 
of aluminium alloy having stiff transverse webs supporting the 
seven main bearings, as shown in figs. 55 and 56. The lower half 
is an extremely light and simple semicylindrical cover of thin sheet 
aluminium held up by the three easily removable straps R R R. 

Lubrication . — Lubrication is forced to tlie main bearings and 
big ends; the small gear-pump S (fig. 56), drawing from the 
crank-case sump, delivers oil at a pressure of about 20 lbs. per 
square inch to the passage T cored in the wall of the aluminium 
crank-case casting, which communicates by ducts in the transverse 
webs and down the bolt columns with the main beariugs as indi- 
cated. From the main bearings the oil has to pass inside the crank- 
shaft — in opposition to the centrifugal force — and along via the 
crank-cheeks, to the crank-pins, whence it issues through the oil- 
holes indicated in fig. 55, and lubricates the big ends. 

The gudgeon bearings and pistons are lubricated by the oil 
whirled from the cranks. The cams c»nd cam-shaft are supplied 
with oil-bath lubrication as mentioned later. 

Carhuration . — The working charge is supplied to the cylinders 
by two Zenith carburettors carefully adjusted to be exactly alike, 
and with their throttle-valve levers coupled together as shown in 
fig. 54. Each connects to a three-branched inlet manifold. ^ The 
Austro-Daimler and Merc^des-Daimler aero engines already de- 
scribed similarly employ two carburettors, and reference may be 
made to p. 129 for a remark upon the advantage obtained by this 
practice. The burnt gases are led by short branch tubes into a 
long expanding exhaust pipe U, as shown in figs. 55 and 56. 

Ignition is effected by the single high-tension magneto shown 
in fig. 56a at EL 

* Valves.— 'Eoi\\ inlet and exhaust valves are carried in cages* V, 
and are in every, respect identical, thus reducing the necessaiy 
stock of spare parts. The valves themselves, are 45° cone-sea tell, 
of nickel -chrome steel, with a throat diameter of 2J inches, i.e. 
0-386 of the cylinder bore ; applying Eq. (5(5) {su'pra), it will be 
found that the mean velocity of the gas through the valve throat 
is, roundly, 8400 feet per ipinute when the engine speed is 1250„ 
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revolutions per minute ; this is rather high compared with the 6600- 
7000 feet per min. of car engines of good output, and is probably a 
cause of the not notably high value of rip, viz. 89, which is attained. 

Each valve cage makes a ground-in cone-seated joint near the 
bottom of the cylinder trunk C, in which it is fitted, and is secured 
in place by a large hollow aluminium nut W. The valve springs 
are conical helices giving less accumulation than the usual helical 
type ; it will be seen that as arranged they are protected completely 
from any contact with hot gases and are kept cool by fresh air 
entering the ventilating holes in the domed aluminium nuts W. 
Both valve seats are well water-cooled, and the inlet and exhaust 
passages are short, direct, and free from obstruction. 

Valve Advbation . — The valves are operated by an overhead 
cam-shaft X through small rockers Y ; these rockers do not act 
directly upon the ends of the valve stems, but through an inter- 
mediate tappet, or pin, DI (fig. 56). The cam-shaft is driven by 
skew gear Z on the right-hand end of the crankshaft, through a 
vertical shaft AI and bevel gearing BI ; both these gears, as also the 
vertical shaft, cam-shaft, and rockers, are encased completely. 

The aluminium casing of the cam-shaft is clearly indicated as 
to detail in figs. 55 and 56, and is arranged so as to be taken apart 
readily when required ; the upper cover carries the fulcrum pins 
of the rocking levers, while the lower part forms an oil-bath into 
which the cams dip at every revolution. The cam-shaft casing is 
in three lengths, each borne on two supports from the cylinders ; 
these lengths are split longitudinally into two parts and are fitted 
with a total of seven split bronze bushes, so that the cam-shaft is 
very rigidly carried ; tlie two parts of the casing are held together 
by screws Cl, one of which is shown in fig. 56. 

Valve actuation by overhead shaft in this way is an excellent 
method, as most of the moving masses are rotating, and there are 
no long push-rods and large rockers to be accelerated, while the 
whole gear is completely enclosed and thus protected from dust 
and accident ; the system has given exceedingly satisfactory results 
in practice. 

The Inverted Daimler Engine.— -Though the vertical type of 
aero engine causes but little view-obstruction to the pilot, attempts 
have yet occasionally been made to still further reduce this; for 
example, in the German aeroplane motor competition at the 
Adlershof Institute ip 1913, the German Daimler Ck)* entered the 
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IWrCyJiBderQd /water-cooled inverted vertical eoirine illustratec 
fig. 57 ; this engine underwent the various tests so satisfaetoril) 
that it was awarded the fourth prize, the judges expressing th( 
view that it was oi “an original and suitable d(\sign for tlyirii: 
machines. The engine was rated at 70 B.IJ.P., the cylinder bon 
being 4'73", the stroke .5 52", and the normal speed 1400 revolutiorif 
per minute. The cylinders were cast in pains and the valves were 
situated in the conibiistion heads, each being actuated by its own 



Fig. 57. P our*c} hnder 70 II. P. inveited aero engine of the German Daimler Co. 


cam, push-rod, and rocker as shown ; the inverted position con- 
ferred the advantage that the cooled water from the radiator could 
enter the combustion head jackets first, ^'he lubrication was forced ; 
the practical difficulty anticipated with the inverted arrangement 
waS that lubricating oil would pass the pistons and soot up the 
: . valves and ])lugs, hut no trouble from this cause was expei'ienced 
‘during tlie trials, 

• The iiivi*rted pc'sition of tlie C 3 dinders has for some years been 
feature of the small engines constructed for*motor boat propul- 
sion by the Seal Motor Co. of Hammersmith, and thus was not an 
ie^tirely noveLarrangement ; in the radial type of aero ei^inc also, 

10 


ippfia^es bf which have already heeh <1 
l^hecessarily work in a more or less inverted 
■engines have proved quite successful in practice, 

■ In this German competition the importance of low 
,RH.R was adequately recognised; .the value figure take 
purposes of comparison was a fraction having as numoratoipl 
Weight of the engine, including its attachments to the aeropJi^ 
operating levers, flywheel (if any), propeller shaft and bfianl 
and the weiglit of the cooling water, petrol, and oil used;^ i 
weight of the propeller itself was not included. 

The actual weight of the petrol and oil tanks was not incltidt 
but a uniform allowance was made for these items ol one^fifth t 
weight of (petrol -foil) consumed during the seven hours’ tri 
Similarly, the actual radiator weight was not taken, but was assum 
at about 0*38 lb. per 8000 B,Th.U. carried off by the cooling waf 
per hour ; this corresponds, roundly, to about 0*38 lb. per B.H 
of normal output of the engine. 

The denominator of the fraction was the B.H.P. develop 
during the full-load test ; thus : 

Weight as above determined . 

‘ BJir: • 


Value figure for comparison = 


Estimated in this way, the engine weights per B.H.P. appet 
of course, somewhat high, as so much more than usual is includ! 
. in the engine weight. The first prize was awarded to a 100 3: 
four-cylindered water-cooled vertical Benz engine, for which tl 
: several items of weight were as follows : — 


Engine with usual immediate accessories . 
Allowance for petrol and oil tanks and radiator 
Allowance for fuel and oil . : . . , , 

Total . \ 


Lbs, 

346 , 

104 

354 

803 


Jv" .a. Jbiis engine is illustrated in fig. 68. The cast-iron sep^;^ 
|^0ylinders were of 513'' bore, the stroke being 71" ; the 
puring 6 ^ sevep hours’ fumdad trial was 1288 
»iimte^ correSp^dmg to a piston ^eed of 1525 feet |#er 3^4l| 
brake "horserpqwer developed w^ J02*Y, Oor^pohdin^ 
value of 108 lbs. per squareinch for TPhe fqel isohs^ 
'hmcT 16#^ ambin^g b only iH55 lb; wr 



Rciency being 




0*465x20,000 ^ 

^ oil used was almost exactly half i 

hourj so that the performance of this engine was highly 
in all respects. 

j, ihe total estimated weight was 803 lbs., and the B.H.E 

■ ' 803 

•t, the value figure for this engine was lbs. per 



Fio. 68. — Four-cylinder 100 H.P. Benz engine. 


p,P. ; it will be noted, however, that in the common mode of 

^Ikoning, i.e, taking only the weight of the engine with immediate 

‘ , . 345 

^jbaories, the figure has the low value of = 7 ^ =3-36 lbs. per 

H.P. only. 

I^he jacket waW were of welded sheet steel, partly corrugated^ 
pi^^ter inlet and outlet at opposite ends* of a diameter, the 
joint between adjacent cylinders being njade by a compressed 
P|tmg; 

be noted from the illustration that the carburettor body,; 



was cast in one with the upper part of the crank-C^iJ^JI 
air used was drawn from the crank-chamber, as in sotrie^l 
already described, thus helping to cool the working parts, anil 
ensuring a supply of warm air for carburation; the carburet 
was water-jacketed. 

The valves were located in the c^dinder heads and driven b^| 
the usual overhead gear ; each valve was fitted with two spring^'^ 
one being a reserve in case of failure of the other. i 

Double ignition was provided, as in the Austro-Daimler and ■ 
Mercedes engines already described ; each cylinder was fitted with , 
two sparking plugs; there were two high-tension magnetos care-, 
fully synchronised, each supplying one plug of each cylinder ; these 
magnetos are shown in fig. 58. 

In this German competition 66 engines were entered, 52 of' 
tliese being water-cooled and 14 air-cooled; many failed to appear, 
but ultimately 18 underwent the main trial, only one of these being 
of the air-cooled type; finally 10 engines, all water-cooled, under-' 
went extra trials. 

The following average results from the performance of the fiv$. 
prize-winning engines during the seven-hour full-load test are of 
interest, and illustrate the remarkable advance made in lightness 
of construction and economy in petrol and oil consumption : — 


Weight of engine and immediate accessories 
„ estimated as above described 
Lbs. of petrol per B.ll.P. hour 
„ of lubricating oil per B.H.P. hour , 


Lbs. perh.H.P. 

. 8-74, 

. 8-6 
. 0-494 
. 0-05 


While a four-cylindered vertical engine to which the third' 
prize was awarded was undergoing its trial the propeller broke/’ 
one blade flying oif and damaging the roof of the testing-hous%- 
This breakage may or may not have been due to want of sufficients 
cyclic speed regularity in the engine, but probably created 
unfavourable impression among airmen, an objex?tion frequei:itl;y^', 
urged against the four-cylinder vertical engine being that proi^j 
peller failures are more frequent with them than with engines 
the rotary or radikl types. It seems probable that the .foutg 
cylindered vertical aero engine, by reason of its somewhat irregulnS 
torque and practically limited power output, will be little, if 
all, used for aeroplane propulsion in the future. On the bthS 



improvements in the design of the water-cooled six- 
p^^flered vertical engine, especially in the direction of greater 
^P&ess and_ absence of crankshaft torsional oscillations at high 
peeds, render it very probable tiiat this type of engine will enjoy 
it considerable vogue in normal aeroplane service requirino- from 
;j5 to ISO 11.11.?. 
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ROTARY AERO ENOINES. 

In general, rotary aero engines in external appearance resemble 
those of the radial type already described in Chapter V.; but 
whereas in radial engines the cylinders are stationary and thei 
crankshaft rotates, in rotary engines the crankshaft is fixed and 
the cylinders, crank-case, and attachments rotate around the crank- 
shaft axis. 

The rotational inertia of this type of engine is thus very con* 
siderable, and the angular motion of the propeller accordingly very, 
uniform ; this uniformity of motion is, moreover, attained with a 
very light engine, no flywheel being needed, while the rapid 
motion of the cylinders increases the effectiveness of the air^ 
cooling. To the skill and enterprise of M. Laurent Seguin, the 
designer of the famous “ Gnome ” rotary aero engine, aviation owee 
a great debt of gratitude ; the demand of the pioneers of mechaniciftJ 
flight for a very light smooth-running engine was promptly 
by the well-designed and beautifully constructed Gnome engiui^ 
which very early attained great popularity, particularly amoh| 
British and French airmen. 

Extremely useful though the rotary engine has proved, largely 
by reason of its lightness and the steadying influence of its lar^ 
rotational inertia, it must yet be borne in mind that its advant?^^ 
in these respects are enjoyed only at the cost of certain drawbac^ 
Thus it must be necessarily air-cooled, though there is little" do4% 
that, especially for' prolonged flights, a water-cooled engine'll 
preferable ; again, the resistance of the air to the rapid rptatibl^^ 
the cylinders absorbs fully 10 per cent, of the power develo^- 
while it is difficult to provide for the uniform ^ling . 
^Jinders' and so avoid distortion, the leading surfaces tenillf. 



p[^ than, the following surfaces. It lias also proved difficulty 
satisfactorily for the supply of the carburetted mixture ”v 
^^he several cylinders of rotary-type engines, while it is almost " 
^jpioi^ble to devise any practical moans of sihuicing the exhaust, 
plbrication, again, has proved a difficult problem, a solution often . 
ikdoptod being to make up by a profuse supply for a defective 
^jTfitem, with the result that the oil consumption frequently proves 
to be inordinately large. Lastly, to prevent overheating, the largest 
practicable air-cooled cylinder is of not exceeding 5" in bore, so 
that high power is only attainable by increasing the number of 
cylinders, with corresponding increase in number of parts and 
general complexity. 

These drawbacks notwithstanding, it is undoubted that the 
rotary engine is very popular, and this popularity has been eaimed 
partly by its early success in the field of aviation, and partly by 
the many and continuous improvements wdiicli have been effected 
in the* details of its design, as experience has accumulated, by its 
skilful constructors. 

The Gnome Engine. — One of the earliest designs of Gnome 
engines comprised but five cylinders, • ach of 3*94" bore and equal 
stroke ; the demand for higlier power caused this soon to be super- 
seded by the famous seven-cylindered 50 H.P. type, front and side 
external views of which are given in figs. 50 and 60. From the 
wde view, fig. 60, it will he seen that the fixed hollow crankshaft 
carries at its inner end a simple form of carburettor from which 
the explosive mixture is conveyed to tlie several cylinders by way 
of the crankshaft and crank-case, as described more fully later. 

' The seven symmetrically disposed air-cooled cylinders, together 
with the crank-case and propeller, rotate about the axis of the fixed 
crankshaft; the seven connecting-rods rotate around the fixed 
^ank-pin, and are accordingly eccentric to the cylinders, twice the 
eccentricity being the amount of the piston stroke. 

; The rotation of the cylinders is caused by the side pressure of 
^|fe pistons on the working barrels arising from the oblicjuitj^ of 
connecting-rocks during the running of the engine. 

' Fig. 61 shows a longitudinal section threjugh one cylinder, the 
^aUk-case, and the fixed crankshaft of the seven-cylindered 60 
- .t. Gnome engine. 

hThe Crank8hafL--T\ie nickel-chrome steel fixed crankshaft i# 
Stiro parts,* A and B ; these are connected together at^the cranky 



ipjaa Dy a caretuny nttert joint, partly coned and pilrtly 
■fas shown, the two parts being held together by the nut C, 

, itself locked by a set-screw and plate ; relative angular movei^ 
of the hollow and solid elements of the crank-pin is prevented ^ 
the taper pin D ; tin’s separation of the crankshaft is necessary ’ 



Fig. 59. — Seven -cylinder Gnome rotary engine, front view. 

large ball bearings EE and the cage FF carrying 
® id ” pins to be placed in position. ./ 

rTR ^ Vankshaft is a thin tube firmly fixed to two plates GCf, . 
ry aeroplane frame by the light steel,, castings KK and? 

^ ; p'the driving torque reaction is positively resisted by thel 
^fcey M ; in the design shown, the engine and propeller are tfxu0?| 
overhung. c 

^ Conuecting-Tods. -^The seven nickel-chrome steel connectingit 
are of H section ; one of them, 8| cranks in length betw^^ 


’’-shown at N.-is in one piece, aril 
igid mth the cage FF which carrias the six hollow steel pins' 

IwheH-: “Wgends”of the remaining six rods are 

^fcached, these pms P are prevented from turning in the cac^e by 
- snugs _ as shown. The arrangement of the seven rods is cl.'arly 
.Shown in the "section at XY" on the left-hand side of fig. 61 



Fio. 60.— SeveH'cylimiej IJmaiic en^iue, sMe view. 


^ fhe function of the master-rod is to render definite the position of 
.the cage carrying the pins P during the running of the engine; 
^other devices for attaining this end have already been described in 
ji^finection with the Anzani and Salmson engines. 

! , fl'rrangement adopted in the Gnome engines causes the 
^^ster-rod to be in effect somewhat longer ^han the others, and 
also the position, velocity, and acceleration of the six sub- 
Sliary pistons to be somewhat affected ; in practice, however, this 
not appear to prejudice the smooth running of the engine. The, 
juWdiary rods Q have, bronze-bushed solid-eyed '‘.big ^nd%^ 


Ibush being prevented froin turning in its ejre Md 
Sft-supply hole by a small key R. 

The gudgeon ends are similarly bronze- busnen soiiQ eye&-cj^^M 
,’on hollow steel gudgeon pins ; these pins are fixed by a snh^ 

'and are held in place by the singular device of a thin copper 
T> tumed over at each end, as shown, on to recessed washers 
’ bear upon the steel forks U carrying the pins. The ends of thi^^ 
copper tube are turned over by a special tool, and in order tOj 
remove a gudgeon pin one end of the tube must be cut off, a new 
' tube being necessary each time a gudgeon is replaced ; this 
of fixing is neat and has proved very effective. The steel casting 
AJ abuts against the lower surface of the piston crown, and into it. 
is screwed the steel piece V, in the top of which the inlet valve^ 
seating is formed. 

Pistonsr-The pistons are of a very tough cast-iron, with very 
thin cylindrical part, and somewhat thick crown ; the length o 
piston is about 0*85 of the cylinder bore. Each piston is* fitted 
with two spring rings, the upper being a broad, thin, flexible band 
of bronze of L section backed by a cast-iron packing ring, wlnle 
the lower is a normal cast-iron spring ring ; the thin bronze ring 
adapts its form to that of the cylinder bore much as a cup-leather 
in a bicycle pump, and thus preserves gas-tightness even should the 
cylinder become slightly distorted by unequal heating in working. 
The gap of the bronze ring is usually placed on the leading side of 
the cylinder, that of the cast-iron packing ring behind being at the 
opposite end of the diameter; the gaps of all the rings must be no| 
less than 1 mm. wide, when in place, to avoid risk of jamming io 
the cylinder through expansion when heated during working. 

The Cylinders.— The cylinders are of nickel-chrome steeJ 
machined out of solid ingots, the cooling fins being left on in t^ 
-process of machining ; it will be noted that these fins increase 
;kngth towards the combustion chamber end, partly to conf^ 
'increased strength on the explosion chamber, and partly to prov^^ 
Itncieased heat-radiating surface. As the leading surface of 
Jisylinder meets more air than the following part, it tends to 
^more cooled, and this unequal cooling tends to cause distortion | 
working barrel, which again results in more rapid 
|nme cases an attempt is made to reduce the cooling inequality^ 
%mmng the cooling fins eccentrically upon the cyHnder, so,tha|^ 
radiating surface occurs on the following half. 



tliickness of the working- barrels is only IJ 
less than one-sixteenth of an inch, and great care mtl 
^^djhgly be used when fitting up or dismantling the engine i 
to a^oid strains which miglit distort their form. ^ 

At the outer end of each cylinder a large circular hole sere we 
mth an internal threap is left; this is filled by the casting A 
earrying the exhaust valve, which is secured in place by the ligl 
annular nut W. At the inner end the cylinder barrel is mac 
Somewhat thicker, and has also two collars, Z Z, left upon i\ 
between these collars the barrel is gripped by the two parts < 
the steel crank-case Al, which are bolted together as show 
at B1 ; the cylinder is prevented from turning in its seat by tl 
light key Gll. 

The stress upon a transverse section of the working barrel is 
maximum, in an axial direction, at the instant of explosion; tl 
maximum explosion pressure in normal working may be take: 
roundly, as 300 lbs. per square inch ; as the bore of the 60 H.’ 
Gnome engine is 4'73", this corresponds to a momentary Iqc 
on the cylinder end of 5270 lbs. weight; to this must be addt 
the load due to the centrifugal fo; :5e arising from the rotatic 
of the cylinder around the crankshaft axis. If we consider 
section of the cylinder taken at the lower end of the combustic 
chamber, i.e. level with the upper surface of the piston crown whc 
this is at the top of its stroke, then a rough estimate leads to tl 
conclusion that the mass beyond this section — including the con 
, bustion chamber, exhaust valve and cage, plug, rocker, push-ro 
etc. — is, roundly, 3 lbs., and may be regarded as rotating at 
mean distance of 1'25 feet from the crankshaft axis. The normi 
Speed of 1200 revolutions per minute correspijnds to an anguh 
’ velocity of 125*6 radians per second, and hence the centrifug 

. force created is > J’oundly, 1845 lbs. weigh 


■ hence on this transverse section of the cylinder the load duri^ 
SVorking fluctuates between 1845 lbs. weight and (1845-l-527i 
^. te7115 lbs. weight. ^ ■ 

; Now the cross-section of the cylinder barrel is a tube of 4‘ii 
S^ches diameter and 0*059 inches in thickness; hence there is ^ 
of tt X 4*73 x *059=0*877 square inefies; the correspondii 

'%«ile sttesses created are =2100 lbs. per square inch, ^ 



lbs. per square inch, approximately, and are' 

^-i^uite low in value, notwithstanding the extreme thinness .of 
^^^y Under barrel. ' 

- The (7mWr.-ca.9e.— The crank-case is of steel, in five parts, the'' 
r^central two Al, which hold the cylinders in place, being connected 
-.together by a spigoted bolted joint, as shown at Bl. At the left- ' 
Jjhand end is the cam-box, formed of a steel casting Cl which is 
’^elosed by a fourth casting D1 formed in one piece with the coned 
^extension El, to which the propeller is attached. At the right- 
-hand end is the “thrust-box,” formed of a fifth steel casting FI 
which is closed by the largo screwed steel nut Gl, formed in one 
piece witli the gear-wheel Hi which drives the oil-pump and. 
magneto. No aluminium is used in the construction of the Gnome 
! engines. 

; The whole crank-case, with the cylinders and attached gear, 
.-are borne on the fixed crankshaft by the four ball bearings shown, 
;;that on the right taking the axial thrust of the propeller; the 
-"manner in which these bearings are housed is clear from an 


[examination of the sectional view given. 

Lubrication. — In the design shown in fig. 61 oil is forced by 
[:the gear-driven oil-pump Jl along pipes K1 and LI to the crank- 
t;pin and distance-collar Ml respectively; from the ends of Ml it 
.'issues and lubricates the two ball bearings in the thrust-box FI. 


Iln the crank-pin the oil passes along the ducts shown, lubricating 
ftoie several “big-end” pins and ball bearings of the cage FF; 
^passing further towards the left, along the hollow crankshaft, the 
pupply reaches the cam-sleeve D2. The gudgeons, cylinder walls, 
||»»ppet guides, cam gears, etc., are served by the oil which exudes 
^from the directly lubricated bearings and is whirled outwards by 
|eehtrifugal action; sufficient unhurnt oil from this source passes 
l^irough the cylinders and, issuing with the exhaust, lubricates the 
f^i^shaust valve stems and rocker fulcra. 

g. The lubricant generally employed in the Gnome engines is ! 
pastor oil ; this is contained in a tank placed above the pump level, 
ifed which it flows by .gr^ivi^ ; in very cold weather this oil becomes. ' 
^^ry viscous, and is then frequently diluted with about 8 per cent.^J 
pSE methylated spirit in order to increase its fluidity. 

Oa/rhv/ration . — The carburettor shown in fig. 61 is of extremelj^l 
^^ple unjacketed, floatless, single-spray design, attached to 



«Mg«Harid end of the crankshaft at Nj. me mam a® 
py esters through the gauze-covered hole 01 ; the amount’^ 
^tnre w regulated by the hand-controlled throttle Pi ; whet 
mam -air supply is nearly cut off. air passing up through thf 
^^onstantly open holes Ql supplies an enriched mixture, small ii 
: quantity, which enables the engine to continue running slowly 
• the supply of petrol to the spraying nozzle is hand-controlled bj 
.the pilot. Simple though this carburettor is in its details, it has 
well fulfilled its purpose in normal flight service. 

The carburettod air proceeds along the hollow crankshaft to 
the interior of the crank-case, and is thence distributed to the 
several cylinders during their suction strokes by way of the inlet 
valves fitted in the piston crowns. The crank-chamber is rendered 
gasttight at the thrust-box end by a soft washer El pressed 
against the inner surface of the nut Gl, as shown. . 

Ignitwn.—lgmimn is by high-tension magneto SI; the engine 
being of the single-acting four-stroke type requires seven ignitina 
sparks during each two complete revolutions, while the inagneto 
furnishes but four sparks per two revolutions of its armature; 
hence the magneto armature is geared to run at -], i.e. one and 
three-quarter times the revolution speed of the cylinders. 

A lead from the high-tension current collector on the magneto 
IS connected to the highly insulated carbon brush T1, fixed in the 
casting KK. as shown ; this carbon brush is maintained in contact 
with the face of an ebonite ring Ul fixed upon the outside of the 
thrust-box ^sting Fl, and rotating with it; the ring Ul carries 
seven equidistant metal plugs, each of which is connected by a 
brass wire Vl to one sparking plug. In the rotation of the 
cylinders each of these metal plu^s comes successively into contact 
with the fixed carbon brush Tl, and the magneto sends a firing, 
impulse at alternate contacts, the order of firing—as explained in' 
the account of the Anzaui engines (Chapter V.) — being 1, 3, , 5 , 7, 2 
4, 6. 1, . . the working impulses thus occur at equal anmilar 
.• 720 

intervals of -^ = 102| degrees of cylinder rotation. 

In the seven-cylindered Gnome engines the ignition is so timed 
(hat the firing spark passes when the liylmder is 26° before thBr 
^tion in which the piston is at the outei»end of its stroke ; thfr^ 
lime of explosion is such _ that at normal speed the maximum 
|#^re is developed just as’ the piston passes its outer dead c«n 




observed that 26° is 

^iar interval between consecutive cylinders. A sjpt * 

26° at a revolution »specd of 1200 per minute implies 
[fjs^losion of ’0036 of a second. ^ ^ 

f:/ Valves . — The inlet valve Wl is an extremely light automltf| 
sC^ne-seated steel valve having a large radius at the junction 
item and disc, the stem being drilled down for m*orc than hal 
Stfl length in order to reduce its mass as much as possible; th 
ifalve is located in the centre of the piston crown, which is ordinaril; 

of the hottest parts of the engine, but is in this design. keji 
!feool by the periodic rushes of fresh cool gas through it. The centri 
fugal tendency of the valve to leave its seat is balanced by th 
j|iwo small counterpoises XI, Xl, engaging with the lower par 
iof the valve stem as shown; the spring is a light steel lamin 
Abridging across between these counterpoises in the design illustratec 
The spring adjustment must be carefully made, as upon i 
depends the insbint of opening and closing of the inlet valve, an 
consequently the satisfactory running of the engine; the sprin, 
'is tested by inverting the piston and suspending a loaded scale 
3>an from a peg driven in the hole in the centre of the valve di8< 
Jn the 60 H.P. engines, for example, experience has shown thja 
,^e best performance is attained when the valve just leaves it 
ieat under these circumstances when the total load amounts t 
'A lbs. ; ,in the 80 H.P. design the appropriate load is 8 lb. 5 oz. 

> The object to be attained is to cause the valve to open with th 
ileast possible difference of pressure between the cylinder an 
:i( 3 rank-chamber, while the spring must be strong enough to clos 
promptly at the end of the suction stroke, in order to proven 
;^y regurgitation of the mixture. 

Automatic inlet valves have for some years disappeared froi 
|irUtomobile practice, but instances of their use still appear in a iey 
engines. Their delayed opening and early closing diminis 
IbC volumetric efficiency of the engine ; they are. also prone t 
|jiance” on their seats during the running of the engine, wit! 
Insulting earlier fatigue and breakage. Placed as in this design, i: 

centre of the piston crown, the valve is somewhat awkward t 
a^^h for examination or fbplacement, while a breakage may respl 
the whole charge oC mixture in the crank-chamber being iirbc 
^Ith consequences that may easily be serious. Though an immei^ 
of important aviation work has been performed by Gncii 



Modification in which the inlet valve is in^^^ 
with altogether; some account of this modifi^ 
Mi^^.^ven later in this chapter. 4| 

Eihaust Valve . — The steel' cone-seated exhaust vatve Yl i^ 
1^ pr ^ery light design, with a short stem drilled along part of itsj 
to reduce its mass to the uttermost, and held to its seat hf 
b IS'^^iinated spring shown; it will be remembered th^t 

Jaminated springs are used also in the Austro-Daimler aero engines, 
,^hile such springs have for years been employed in the Lanchester; 
W engines ; direct impact of the exhaust gases upon the sprino* is 
^prevented by a deflector Zl. 


The exhaust-valve seating is formed in a casting A2 held in: 
place in the cylinder head by the anmilar nut W ; this casting' 
carries also the bronze-bushed guide of the valve stem, the fulcrum- 
bracket of the rocking lever, and the valve spring support. The 
^ntrifugal action during running tends to press the exhaust valve 
firmly in its seating; the centrifugal force of the tappet- and push-' 
rods, on the other hand, tends to cause the valve to leave its seat;, 
the spring is so adjusted as to leave a balance of force sufiicient ta 
cause the valve to close promptly au the desired instant. The 
Valve is operated by the light roller-ended tappet, thin tubulaxr 
push-rod, and rocker as shown; on opening, the burnt gases at'pj 
discharged directly into the atmosphere. The unburnt oil passing! 
out with the exhaust formed an objectionable feature of the engine ' 
tn the earlier air-craft; the recent practice of housing the engine^' 
m a “ stream-line ” casing has removed this source of annoyance. ^ 
, The tappet-rods are actuated by steel-plate cams C2, seven in 
^11, keyed as indicated to a common bronze-bushed cam-sleeve 
md locked in position by the annular nut E2; at the left-hand enJ^ 
the sleeve D2 is also keyed a cut steel gear-wheel F2, meshiiigt- 
jwtli two similar wheels G2 of half the diameter, these being united^: 
^ wheels H2 which, in their turn, mesh with a wheel of equa}3 
l&meter J2, keyed to the fixed crankshaft as shown ; the view 
lower left-hand corner of fig. 61 shows clearly the arrangement J 
epicyclic gear train. The wheels G2, H2 are carried 
ihd^S K2 projecting inwards from the tjanJ-box casting Dl, and| 
ptjs. rotate with the crank-case around the .crankshaft axis ; tWcJ 
pairs are provided, at opposite ends of a diameter, in ord^^ 
-^^p^rve balance of the gear. Suppose, firstly, the engine 



of the ordinary type in which the crankshaft rotWe^. in, 
crank-case ; then if J2 makes -1-1 revolution, H2 and con8eque^|ig 
41bo G2 will make -1 revolution, and finally, therefore, F2 wfc, 
make a revolution; so that in this case the cam-sleeVe wonlft->\ 
rotate in the same direction as the crankshaft, but at half the speed . 
—which is the correct ratio for the cam operation. 

The actual ease is obtained by imposing a revolution -1 upon 
the whole system, in which case we have ; 

Wheel J2 makes -1- 1 - 1 = 0 revolutions, i.e. remains at rest. 

Studs K2 make - 1 revolution ; this being the engine speed. 

^ Wheels H2 and G2 make - 1 - 1 = - 2 revolutions. - 

Wheel F2 makes +1-1= -i revolution. 

Thus in the actual case the wheel F2 — with the attached cams— 
revolves in the same direction as the crank-case and cylinders, but 
at one-half the revolution speed, as is necessary. 

Each cam of course actuates one tappet-rod, so that tlie axes 
of these rods are successively further from the axial plane of the 
cylinders, and the obliquity of the push-rods thus increases from 

the first to the seventh cylinder. . • pro 

The exhaust valve is timed to open when the crank-pm is bo 
from its bottom dead centre, and closes 13° after it has passed ite 
top dead centre; thus the opening is unusually early, and the 
closimr somewhat late; this tends to cause better scavenging and 
- to preserve a cooler cylinder, but involves the .sacrifice of some o 
bhe energy of the working gases, with consequent lessened economy 

in fuel consumption, . 

■ An opening 65° before the bottom dead centre corresponds in 
this case to 077 of the working stroke ; the usual exhau.st timing 
in car engines is to' open about 45“ early, and close about 6 late; 
46® early would here correspond to 0-89 of the stroke. ^ 

Accuracy of Balance.-Wiih so comparatively large a rotating 
mass it is of much importance that the balance be kept as accurate 
■as possible; for example, although the cylinders are made as neai^y 
as can be identical in size, form, and quality of material, it is yet 
•fohnd that individual cylinders differ in weight. Should a cylinder 
need replacement, a dlifference not exceeding half an ounce only m 
weight is allowed between the old and new cylinders, ai^ th^ 
carefully weighed against one another to ascertam ft,, 
;4ifbrencft comes within this limit. 
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The Gnome. engines are shirted by pulling the propeller round 
by hand; the revolution is in a counter-clockwise direction as 
viewed from the front, i.e. facing the cam-box. 

Running and Mainteiumice . — -When properl.y assembled and 
carefully driven, a Gnome engine should run for a total period of 
sixteen hours at full load without requiring any other attention 
’ than possibly renewal of faulty or carbonised sparking plugs. 
After this period the engine must be very carefully dismantled, 



Fig. 62. — Fourteen-cylindered two-crank Gnoino rotary pngiiie. 


and every part closely examined ; defective parts arc renewed and 
not repaired. The reassembling of the engine demands equal car^ 
and skill. Trouble is rarely experienced with the ball bearings, 
but some of the following parts usually need renewal due to wear 
or.fatiijue after from 50 to 100 hours of service : — 

Exhaust valve^s, seatings, and rocker fulcrum pins. 

Tappet-rod pins. ^ 

Jnlet valves, seatings, and guides; counterpoises and their pins. 
Exhaust and inlet valve springs. 

Bronze piston rings and c^st-iron packing rings._ 

Carbon ^rush, sparking plugs, and wires. 


‘11 
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' General . — In tlie Table below tlic leading particulars are giv^n of 
the 1913 range of Gnome engines, exclusive of the then just intro- 
duced “ Monosoupape ” type, wliich is referred to later. It will be 
seen tliat, in addition to the seven-cylindered designs, there arc also 
engines of nine, fouiieen, and eighteen cylinders. The fourteen- 
cylindcred engines comprise two groups, each of seven cylinders, 
associated together as shown in fig. G2, each group acting on its own 
crank-pin ; the c^dinders are altcj-nated, so tliat the angular interval 

between consecutive cylinders is — degrees, while working 

impulsejs occur at intervals of twice tins, viz. 51? degi-ees of angular 
rotation of the engine. 


LF^AmNO Particulars of the ‘‘Gnome” Aero Kncines of 1913, 

KXCI.UDINU “ Mo.VOMiri’ \ 1 ’KS.” 


Rated 

horse- 

power. 

N«>. of 
(ylui- 

ilCIS. 

Lore 

HI 

inchc'S 

stroke 

in 

inches 

Nom- 
inal full 
speed. 
Uov'- 
pel nun. 

Total 
Weight 
III Ibs.l 

List 

price 

11) £, 
ster- 
ling. 

Appiox. 

<'|fcct.ive 

H II P 
devel- 
oped. 

Approx. 

revolu- 

tion 

speed 111 
long 

1 uns. 
Rev.-, 
per min 

Piston 
spt'ed 
in leet 
I>er 
min. 

Value 
of Yjp 
in l))s 
I»er 

^(lU.ire 

inch. 

Weight 
.n ii;8. 
per 

cfTei tive 
U.II.P. 

fji.9t 

price in 
£ per 
eflective 
B.Ii.P. 

50 

7 

4 *35 

4 73 

1200 

172 

520 

45 

1100 

870 

65-8 

3*8 

11*6 

60 

7 

4 73 

4 73 

1200 

192 

620 

55 

1100 

870 i 

68 0 

3*5 

9*45 

80 

7 

4-88 

f. 72 

1200 

207 

700 

72 

1100 

i 1010 

71 -8 

2*9 

9*7 

100 

9 

4-88 

5 90 

1200 

297 

880 

90 

1100 

1080 

65-4 

3-3 

9*8 

100 

14''^ 

4*35 

473 

1200 

308 

960 

90 

1100 

870 1 

65*7 

3-4 

107 

120 

]42 

473 

473 

1200 

297 

1040 

110 

1100 

870 

68-0 

27 

9*45 

160 

142 

4 88 

5 52 

1200 

. 396 

1400 

145 

1100 

1010 

72-6 

2-7 

97 

‘200 

182 

4-88 

5-90 

1200 

540 

1760 

180 

1100 

1080 

65-4 

3 0 

9*8 


Similarly, the remarkable eighteen-cylindered 200 H.P. engine, 
of which an external view is given in fig, 63, is made up of two 
nine-cylindcrcd units associated together. In both the fourteen- 
and eighteen-cylindered designs two high-tension magnetos are 
fitted, each supplying one group of cylinders. 

These double engines are never overhung, but are always 
carried on two supports, that in front being fitted with a ball 
bearing in which the end of the propeller shaft is borne. 

In the eighteen-cylindered engine working impulses occur at 
each 40° of angular rotation of the cylinders ; at the normal full 
speed of 1200 revolutions per minute the frequency of the impulses* 
is thus 180 'per second. 

^ Weight includes that of magneto, carburettor, and oil-pump. 

* Two-crauk engines. 
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scarcely used Hs vet 

.. .«» .t nrro£:“ 



Fio. 63.-Eiglitoen cylindeied 200 II.P. Gnome rotary engine, 


at^,best, roundly, 90 per cent, of the rated power in the above 
Table the eBtiinates of piston speed, etc., are based upon these 
effective maxima of speed and power. 

^ Ihe piston speed is quite moderate in comparison with normal 

\ir ^ ^even-cyliiidercd 80 E.P. Gnome engine constructed by the Daimler 

JM^otor Co. at Coventry was tested in October 1914 at 1100 r.p.m., and averaged 
about^64 B.H.P. during a continauus run of Hj hours, i.e.uU 80 per cent of 
,it6 rating. - r . * 
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car-engine practice, wiiile the value of rip is also low — as is only 
to. be expected from engines with automatic inlet valves and 
specially early exhaust opening; notwithstanding this, however, 
the type produces a very light engine, the weight per effective 
brake horse-power being less than 3 lbs. in the popular 80, 120, and 
160 H.P. models. 

No recent test results have been published, but a test by K. A. 
Brewer in 1910 of one of the seven -cylindered 50 IT.P. Gnome 
engines showed a petrol consumption of about 0 ()3 lb. per B.H.P. 
hour, while the consumption of lubricating oil amounted to nearly 
IJ gallons per hour. Improvements since introduced in the 
lubricating system have somewhat reduced this large consumption 
of oil. 

The Monosoupape ” Gnome.— It lias already been mentioned 
that there was first exhibited at Paris in 1913 the ingenious single- 
valve or “Monosoupape’’ type Gnome engine, in which the inlet 
valve is altogether omitted ; a sectional view of part of this en^ne 
is given in fig. 64, showing one cylinder, part of the crankshaft, 
the cam-box, and the propeller “ nose.” 

The piston is of cast-iron, with a thick concave crown connected 
solidly by webs to the gudgeon-pin bosses to prevent distortion 
under the explosion pressure ; it will be remembered that concave 
pistons are used also in the Green engine described in the preceding 
chapter. The Gnome Company at first used pressed -steel pistons 
in the Monosoupape engines, but later reverted to cast-iron of the 
design shown. 

The hollow steel gudgeon pin is here fixed in the piston bosses 
by the usual device of a single steel set-screw with a conical 
prolongation. 

The section shown in fig. 64 is of a nine-cylindered 100 H.P. 
engine having a bore of 4*33 inches and .stroke of 5 ‘90 inches; the 
master connecting-rod is shown as before, together with a portion 
of one of the remaining eight rods ; comparison with fig. 61 shows 
a general similarity in the two “ big-end ” cages, though there are 
some small variations of detail arising from ar imi)roved system 
of lubrication in the Monosoupape type. The cylinders, as before, 
are of nickel-clirome steel, but now project further into the crank- 
chamber and contain a belt of ports A A overrun by the piston 
when near the bottom of its stroke; this lengthening of the 
cylinders renders it necessary that they be cut away to allow 
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clearance for ' the connecrfcing-rod swing as indicated. In the 
cylinder head is the massive steel cone-seated exhaust valve B, 
which is kept to its seat by the spring C, and actuated by the 
rocker and push-rod shown; the centrifugal force arising from the 
tappet and push-j*od as before balances thaf of the valve, the spring 
adjustment being such as to provide the necessary small excess force 
to keep the valve seat(;d when the rocker is not acting u])on it. 

The valve is borne in a steel cage DD fixed in the cylinder head 
by the light annular nut E, as before. 

Tlie exhaust valve is liere of somewhat substantial proportions, 
in’ order to prolong its working life and resist the effects of over- 
heating, which are greater in this than in the normal type of engine, 
owing to the mode of speed regulation adopted. The air drawn 
into the crank-chamber now enters from the front of the engine 
through the open end F of the hollow nose-piece GG, and passing 
Inwards traverses the perforated end H of the petrol *‘^opply pipe, 
bhus becoming richly carburetted ; under normal running conditions 
the mixture thus formed is so rich as to be non-explosive. 

Suppose the piston to be performing its downward working 
stroke; the exhaust valve is opened eaHy, allowing the burnt gases 
to escape into the atmosphere, so that when the piston overruns 
the poi'ts A A fhe pressure within the crank-chamber and that 
within the cylinder are apjDroximately equal, little or no flow of 
gas accordingly taking place in eitlier direction through the ports. 
On the succeeding up-stroke the exhaust valve remains open as 
usual and the residual exhaust gas is discharged. The piston next 
commences its downward suction stroke, but instead of the exhaust 
valve now closing it is held open until about one-third of the 
suction stroke is performed, thus permitting fresh air to enter the 
cylinder; the exhaust valve being closed and the downward motion 
of the piston continuing, a partial vacuum is created within the 
cylinder; accordingly, when, near the end of the suction stroke, the 
piston overruns the ports A A, some rich mixture from the crank- 
oharnber immediately enters the cylinder, and mingling witlf the 
fresh air within forms the explosive charge for the next impulse. 
The subsequent ascent of the piston compresses this charge into 
• the combustion chamber, when it is fired, ahd the working stroke 
follows as usual ; the cycle is then repeated indefinitely. 

The engine thus works i^on the four-stroke cycle, but employs 
only a single valve; the rapidly alternating currents of exhaust 
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gas and fresh air tlirough the exhaust valve create .a characteristic 
noise in these Monosoiipape engines, and obviously, also, it is 
impossible to enqiloy any form of exhaust-silencing apparatus. 

Speed regulation is efiected by varying the extent and duration 
of opening of the exhaust valve by a system of linkage JK,. hand- 
operated by the pilot through suitable connections; this linkage 
giv’^es an angular motion of adjustment to the sleeve L, which 
carries a system of subsidiary rollers M fitted on hinged arms N ; 
from these arms the siweral valve tappi^t rollers O arc actuated as 
indicated in fig. 64. This mode of regulation was found to cause 
rapid burning of the exhaust valves if these were made very light; 
by adopting a more massive design Itie difiutulty has largtdy been 
overcome. 

The petrol issuing from the perforated pipe II into th(^ crank- 
chamber is supplied by a small foice-pump, the quantity dolivcired 
being thus proportional to the engine spe(‘d; the mixture in . the 
crank-chamber is normally so rich as to be non-explosive, 'and 
hence there is no risk of it being fired by the residual exhaust 
wlien the ports A are in communication with the space above the 
piston. The supply of air being taken in at the front of the engine 
tends also to safety in \vorking. while the pelrol being wdiolly 
vaporised within the crank-chamber tends to keep the engine cool, 
and, conversely, there is no carburettor to freeze uj:) at liigh 
altitudes; the petrol supply pipe is carri(‘d along the liollow crank- 
shaft, and through the crank-pin and crank-cheeks, and terminat(;s 
at H as described. 

These Monosoupape engines are capable of running down to the 
low speed of about 200 revolutions per minute, while their output 
is claimed to be slightly in excess of their rated power. 

The lubricating details show an improvement upon those in tlie 
ordinary two-valve engine; it will be noted that the gudgeon 
bearings are now positively supplied with oil passing outwards 
from the “ big-end” cage along the hollow webs of the connecting- 
rods, while the oil exuding from the gudgeon bearing is led by the 
Wo ducts shown to the cylinder walls. The cain-sleove, cams, and 
cam-shaft gears are also positively lubricated by oil supplied from 
the left-hand portion of the crankshaft througli tlie several ducts 
indicated in the sectfon; positive lubrication is also provided for 
the fulcrum joint of the rocking lever.^ 

^ In 1914 the Gnome Monosoupape engines were built in two 
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Bijes, rated as'of 80 and iOO H.P. respectively; the leading par-, 
ticnlars of these are given hereunder : — 


M.P. No. of 
" ritiiig. “ , cylinders. 

.80 '7 

IDO 9 


Bore, Stroke, 

inches. inches. 

433 -.S-D 

433 5-9 


Speed, List price, 

rp.m. .i‘ per H.P. 

1200 - 7-5 
1200 8*8 


The weight per H.P. is slightly less than that of the two-valve 
type. 

The skill evidenced in their design, the care and attention 
bestowed on every detail, and the excellence of construction of the 
Gnome engines, with resulting reliability in service, combine to 
, maintain this type in the high position it has deservedly won in 
the world of aviation. 

T1i 6 “Gyro Rotary Engine. — This American seven -cylindered 
air-cooled rotary engine is shown in external view in fig. 65. 

The cylinders are of 3 per cent, nickel steel, with the exhaust 
valves in their heads operated by pusli-rods and rockers; the 
pistons are of steel, with two rings, as in the normal Gnome engine 
already described. The crankshaft is of nickel-chrome steel, carried 
in ball bearings within a thin crank-case of vanadium steel; the 
crankshaft is, of course, fixed, and tue crank-case and cylinders 
rotate around it. 

# 

The inlet valves were at first located in the piston crowns, as in 
the Gnome engine, but were actuated in a special manner ; ^ in the 
1914 design, however, these inlets were abandoned and replaced by 
the device diagram rnatically shown in fig. 66. 

This consists of a cam-operated piston valve C working within 
a cylindrical casing B, which communicates with the cylinder by 
means of ports A, overrun by the working piston. The top of .the 
pasing B communicates with the exhaust pipe, or directly with the 
' atmosphere, while the bottom is connected to a supply of super-rich 
carburetted air contained in a casing on the opposite side of the 
crank-case. 

^ During the working stroke of the power piston P, the piston 
. valve C is moving downwards, so that when P overruns the ports 
' A, the valve C is in the position shown in fig. 66; the bulk of the 
y, exhaust gas immediately escapes through tile ports A, vid the top- 
. \;of B, into the atmosphere. It will be noted that a silencing apparatus ^ 
‘ ;ean readily be applied to this portion of the exhaust. 

' For an illustrated account of these, see Proc. LA.E., vol. vii. pp. 90-91, 



, subsequent up-stroke of the power piston P eca-ven^ tte 
remaining burnt gases through the now lifted exhaust valve p. 
During part of the following suction down-stroke of P the valve 
D remains open — as in the Monosoupape Gnome engine ialread^jr 
described, — thus admitting .fresh air to the cylinder; D is then 
closed, and the continued descent of the piston P creates a partial 



Fio. 65.— External view of the 80 H.P. “Gyro” engine. 


vacuum above it, so that when the ports A are overrun a rich 
mixture enters by way of the lower part of the casing B, as the 
piston valve C has by then moved to the top of its stroke, thus 
; co^inecting the ports A with the supply of richly carburetted air. 

This. rich mixture miigles with the air already in the cylinder in 
I the correct proportion to form the explosive charge of the ne^' 
^working stroke. - ^ 

{ , The ascent of the piston next compresses this charge, whicjb 





UTN^mm 16 ft* 

n fired aevosual ; the engine thus operates on the •four-stroke 
cyek, with only one valve, viz. D, exposed to the pressure of the 
explosion. 

^option of the valve C an auxiliary exhaust is obtained 
Without any risk of affecting the* carburj^tion, and as thb ports A 
serve both for exhaust and admission, overheating of the cylinder 


walls in their vicinity is avoided. The exhaust valve D—usually 
yie hottest part of the engine— is here not only relieved of* the 
duty of passing out the bulk of the exhaust gases, but is also kept 
cool during running by the periodic inflow of fresh air to the 
cylinder as described. As already pointed ©ut, the major portion, 
pf the exhaust issuing from the top of B (jan be easily silenced, 
hut it is obviously impossible to apply any silencing device to the 
^haust valves D. 




:/ The 80‘H.P. Gyro engine runs normidly at 

tions per minute, and with all immediate accessones is ‘aai<f ^ 

w6igh only 200 Ihs., which is 2'6 lbs. per rated horse-power. • . 

The “Le Rhone” Engines. — These are air-cooled rotary engines 
having s^ven and nine oylindera' in single-crank, and fourteen and 
eighteen cylinders in double-crank designs. An external vijftwdf 



Fio. 67 .— Eighteen-cylinder 160 H.P. “Le Rhone” rotary engine. 


the eighteen-cylindered 160 H.P. type is given in fig. 67 ; the two 
crank-throws are mutually at 180°. ^ ; 

These engines are constructed almost wholly of steely but a^ i 
. noteworthy feature of the design is that thin cast-iron linere ai% 
Jshrunk into the steel cylinders to improve the surface of the 
%ro^rking barrels and reduce piston friction. 

/ ^ Both exhaust and^inlet valves are located in the cylinder hea4 , 
mechanically 'operated by one push-rod and rocker ; th||;;: 
:Sii^buretted mixture is formed in the^ crank-chamber, and Is 4^^;' 
^idbuted to the several inlet valves by a system of radiating, 


mm ; ssaiHis. 1.^1. 

r The exhaust valves are plated on the 

,iront, or leading face, of the engine, so as to derive as much benefit 
po^iblo ftom the cooling action of the air; the inlet valves and 
jfiping are 'at the rear. 

The seven-, nine-, fourteen-, and eigh^een-cylindered* engines 
^ are rated at 50, 80, 120, and 160 H.P. respectively ^ ; in all. cases 
‘ the' cylinders have a bore of 4-13 inches, and the stroke is 5*52 
inches, with a normal speed of 1200 revolutions per minute. The 
weight in lbs. per rated horse-power ranges from 3*67 in the seven- 
-cylindered, to only 2*9 in the eighteen-cylindered design. 

' * The D’Henain Rotary Engine.— In thcseven-cylindercd 50 H.P. 
air-cooled rotary D’Henain engine the rather daring course has been 
adopted of making the cylinders and crank-case of cast-iron in one 
piece ; both valves are mechanically operated, and the mixture is led 
from the crank-chamber to the inlet valves by a system of radial pipes. 

The Clerget Rotary Engine. — Yet another seven-cylindered 
ai^cuoled rotary aero engine is the 80 H.P. Clerget, with the usual 
steel cylinders and crank-case. Both inlet and exhaust valves are 
in the cylinder heads, and are mechanically operated by push-rods 
and rockers, the charge being delivered to the inlets through a 
system of radial pipes, as in the case of the Le Rhone and D’Henain 
engines already mentioned. . 

The early success of the “ Gnome ” as a flying engine has caused 
inventors to devote a large amount of attention to engines of the 
rotary type, and a great many designs, some of remarkable in- 
genuity, have been produced, though none has, so far, achieved any 
lasting practical success. For example, in the (two-throw crank) 
six-cylindered 60 H.P. “ E.J.C.” air-cooled rotary engine, both 
cylinders and crankshaft rotate, of course in opposite directions ; 
there are two propellers, one of which is attached to the crank-case 
in the normal type of rotary engine, while the other is affixed 
to the end of the crankshaft. The absolute revolution rate of each 
^depends only upon the resistances opposed to the two rotating* 
systems ; it is stated to be usually found that the crankshaft mfipkes, 
xoundly, 1200 reYolutions per minute, and the crank-case and 
'cylinders 800 revolutions per minute, so that the relative revolu- 
tion rate is about 2000 per minute. 

The Buriat Rotaiy Engine. — One of •the most remarkable 
; ; ^ There is also a 100 H.P. engine having eleven cylinders acting on one crank- 
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Arc QC jArc PC 

Radius BC ~ ^ Radius OC 


^rotary engines so far proposed for use in. aviation k that ol 
Buriat Brothers (1904),^ in which not only do both.cylinderd a^<J 
Crankshaft turn in tiie same direction, but the crankshaft rotates 
twice as fast as the cylinders. One of these engines lyas exhibited 
at Paris in 1905; the, design- exhibits further peculiarities ^whiich 
will now be explained. • 

The geometrical fact upon which the action of the engine is* 
based is that every point upon the circumference of a circle rolling 
within a second fixed circle twice as large, describes a straight 
line which is a diameter of the larger fixed circle. 

This is easily shown ; for, in fig. 68, let the smaller circle have . 
rolled from OP to OC, so that its centre has described the angle 
POC about 0 ; join BQ. 

Then the angle QBC is evidently twice the angle POC ; that is, 

. as OC is twice BC. 

Radius BC 

Hence we have Arc QC = Arc PC. That is, in rolling through . 

the angle POC, the point Q 
on the circumference of the 
rolling circle, starting from 
P, describes the straight line 
PQ ; thus, as the rolling pro- 
ceeds, Q describes the com- . 
plete diameter PP'. As this 
W result is true for any point 
on the circumference of the 
rolling circle, the proposition 
is proved. 

Observe next that as the 
circumference of the fixed 
is twice that of the rolling 
circle, the latter makes plus 
. two revolutions bn its axis in the direction of the arrow during 
one complete tour ; but as its axis makes minus one revolution 
the same time, the rolling circle makes only +2 — 1, that is, plus 
/ revolution per tour relatively to the plane of the fixed cirelA 

' ^ The arrangement adopted is claimed to have been first invented by Sir ft 

' * Parsona about 1877 and 'proposed for use as a steam engine (the “ epicycloid ^ 
'tveingi*i®X *^d again re-invented as a four-cy Under internal-combustion engine^ 
Mr Abraliam* about 1898. 



Fio. 68. — The “stiuight-line*’ hypocycloid. 
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Alsa during one complete 6our of the rolling circle the point Q’ 
moves from P to F, and back again to P. 

Denqte PQ by 00 by 2r; POO by 6; and the (uniform) 

angular velocity of OC by « ; then = (o, a^d is constant. • 

Thus X = OP — OQ = 27* •— 2r cos 0 = 27*(1 — cos d) gives the ‘posi- 
don of Q in terms of 6. 

The velocity of Q is ^ = sin Ox^~ 2(or sin 0, and is thus 
proportional to CQ, while its acceleration is -^ — 2w^r cos d = a)* 

, X QO, so. that the acceleration of Q is always directed to 0, and is 
proportional to QO. Thus the 
point Q has a simple harmonic 
motion about 0,- similar* to 
that, of a piston with a con- 
necting-rod of infinite length, 
and stroke PP'. 

Next suppose that to the 
whole system of fig. 68 is 
communicated a rotation of 
-Hi about the axis 0; this 
condition is illustrated in 
fig. 69. 

In this case the axis B of 
the smaller circle becomes 
fixed, and this circle now 
' rotates about this fixed axis 
at a speed +2 — 1 + 1 = + 2, while the formerly fixed larger circle 
Uow rotates about its axis 0 at a speed +1; thus the smaller 
"cirde rotates at twice the speed of the larger, and in the same 
direction— a result that is obviously true, as the case now becomes 
Tpne of a 2 : 1 internal gearing. 

• Through any point Q on the circumference of the smaller circle 
.^raw the diameter PF; then while the small circle makes tWo 
/revolutions about its axis B in the direction of the arrow, the large 
^^rcje and the diameter PT together make ll)ne revolution in the 
^me direction about the axis 0, and the ;Point Q moves from 
jFfo F and back to P in aj)lane fixed to and moving with the 



In the Buriat engine, fig. 70, B becOmeB the aids’c^ 
shaft', BQ‘ the crank; Q the crank-pin; while jPT 
into A rigid rod, eye-jointed to the crank-pin Q as indi<&ted,4^fc 
, pi^oduced as shown ; each end carries a piston S, Srliding aj ; 

cylinder, these cylindel*s forming one with the large circle^ and ^ 
rotating with it about the axis 0. 



Fio. 70 .— Diagram illustrating the Buriat rotary engine. 


Thus the Buriat engine possesses the singularities of (1) a 
;^-single connecting-rod rigidly jw&ed to two opposed pistons 
(2) the cylinders and casing turn about the axis 0 in the sanii0 
/direction as the crankshaft turns about its axis B, but at only 
-half the speed ; and {i) each piston has a stroke equal to /ow tim^j 
^ the crank radius BQf, and performs this stroke while the cranlft* 
{ shaft makes one comjplete revolution. ^ 

i Actually a two-throw crankshaft was employed, with ;p|^ 



A1S«,U 1/0; 

at 180 V jmd second pair of cylinders was mounted on the, 

^ing with their common axis at right angles to that of the first 
indicated by TQ'T' in fig. 70. 'The engine was arranged 
work bn -the four-stroke cycle, so that the crankshaft made fouTi 
knd the cylinders two, revolutions per cycle.| • 

■ The trunnion bearings in which the cylinder easing revplved 
Vere firmly supported in a rigid fixed frame which carried also 
the two bearings of the crankshaft; the axis of the crankshaft 
was placed exactly parallel to, and distant exa(;tly one crank radius 
from, that of the trunnion bearings; the air propeller was attached 
to one end of the crankshaft. This Buriat aero engine has not, so 
far, succeeded in practice. 

The Demont En^ne. — Very light thougli the single-acting 
rotary aero engine already is in proportion to its power output, 
inventors are constantly endeavouring to reduce still fuiiher the 
proportion of weight to power, and one direction in which this 
object may possibly be attained is by employing (hnihle-iiQ\mg 
cylinders, i,e. cylinders in which explosions are caused to occur 
on each side of the piston in succession. The great practical 
difficulty with double-acting cylinders Is to keep the pistons from 
overheating ; though such cylinders are regularly and successfully 
used with oil- or water-cooled pistons in ^vory large stationary 
engines running at from 100 to 200 revolutions per minute, the 
high revolution speeds of automobile and aero engines render oil 
or water circulation through their pistons entirely impracticable. 
It is, however, conceivable that an effective arrangement of air- 
cooling the pistons might be devised, and Messrs Demont of Puteaux 
have been enterprising enough to attempt this in an interesting 
engine which was exhibited at the Paris Aero Exhibition of 1913. 

' The 300 H.P. Demont aix-cylindered double-acting air-cooled 
rotary aero engine is diagrammatically shown in section in fig. 71 ; 
the working barrels of the cylinders with the usual cooling fins 
will be recognised, but the pistons here take a quite unusual form, • 
Ci^h being in two parts, and each part comprising a trunk A end 
flanged disc B; this latter forming the power piston ; the two parts 
united together by the central bolt C, as indicated. * , 

. ' Both working pistons and trunks are fitted with spring rings . 
^ . ensure gas-tightness, while the avoidant of overheating is 
iri^mpted by causing a current of air to pass radially outwards 
;i|p^ .the crank-case througl^ the inner trunk, round 'the' piston, 
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and finally into the atmosphere by way of the oXiter think^v« 
shown by the arrows; this air-current is assisted by the centrifugal 
afction of the rotating engine. Each piston contains a haflle fdate' 
D. with a large rim of circular section, and it will be noted that • 
the inn^t surfaces of the piston are provided with fins to assist the 
cooling action of the impinging current of air. 

In the design illustrated, the external diameter of the trunk is " 
04 of that of the cylinder bore ; as the swing of the connecting- 
rod must be contained within the trunk, the stroke of the engine 
is necessarily relatively short, and in this case is but 04 of the 
bore. The connecting-rods are hollow, of circular section, and 
relatively long, the length between centres being 2-65 times the 
stroke; the mode of attachment of the gudgeon pin to the piston 
is clearly shown in the figure; the non-adjustable big ends are 
forked, and threaded upon a long sleeve-bush E, as indicated ; the 
axes of the six cylinders accordingly lie all in one plane normal to 
the crankshaft axis. 

The crankshaft is fixed, and the crank-case and cylinders rotate 
bodily around it upon the ball bearings shown ; an external ball 
bearing F, supported in the aeroplane frame, relieves the crank- 
shaft of any bending action due to overhanging weight. 

The valves are placed with their axes parallel to that of the 
crankshaft, and are actuated through the system of linkage 
indicated by twelve face cams H carried on a sleeve mounted on 
the crankshaft and driven at half the engine speed by an epi- 
cyclic train K, whose action is similar to that of the Gnome engine 
already described {q.v.). 

As the engine is double-acting, there is an inlet and an exhaust 
valve at each end of each cylinder ; the exhausts are placed in front, 
so as to benefit from the cooling action of the air-stream meeting 
the engine, while the inlets are on the rear face and are supplied 
with carburetted air from the hollow crankshaft through the ports 
, ‘1 and mixing chamber M. 

: ■ Double ignition is shown, with a sparking plug fitted in eai 
. valve pocket; the plugs in the exhaust pockets are unlikely to 
' give very eflPective ignition. With a single high-tension magneto of 
• the nofmal two-sparh type, its armature must be driven at thresj 
times the engine speed. - 

^ It will be observed that this rotary engine has an even numbw of, i 
i; oylindefs, m. six, operating upon onh crank-pin ; notwth^^^^ 
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:^^, Thu8 each pair of cylinders furnishes one impulse per strolca, tJM 

^ tli'^i-e are here three pairs ofV'i| 
jg ”, consequently six impulses per revolution ’ 

^6i angular intervals of 60°, from the six cylinders. If the enginel# 

^6.2000 revolutions per minute, this corresponds to 12,000 impn W^f 
200 explosions per second. ^ 

I^Tho cylinders have a bore of 6-9 inches and stroke of only Slifl 
and the engine is stated to have a normal speed of 20i0^'i^i 
^Intos per minute; for an output of 300 B.H.P, this.woul#^ 
wmpond to a value of rjp of 100 lbs. per square inch. The over^il 
of the engine is about 2 feet 6 inchea 
^his interesting engine is stated to weigh only 220 lbs., o(m#| 
ndmg.to the very remarkable figure of but 0-73 lb. per rat^^ 
: w far, however, bo accounts appear to have been pubUMia®® 
actual, performances. ■ ‘ 

CT^Sjliroke Cycle Rotary Aero Engines.— All the en^4^ * 
*^Oj^y described herein operate upon the “Otto” or *' fS» . 
^e," <yple, in Vhieh each single-acting'cyhnder only furuj^i^^ 
*«%king impulse in every two revolutions. Another diimiSti^' 
inv^tors have attempted to stjll further redncei'f '' 
in^^ei^ht to power in aeroengines is by the adoption of ‘ 

«y^e of opm»tione, by which the fi!Bmi«wr.w 




tm 





!df "weiglit-power ’ relation woulfl be reached 
fiffieieEoy two-stroke double-acting rotary engii^ fe^| 
realisation is not yet in sight; several sin 
r^otary and radial aero engines bave> however, i 
- The first commercially successful two-stroke interhah^^ifii^*;^: 
tion engine was that invented and developed by Dugal# 
between 1878 and 1881 ; a diagrammatic section is givemin fig* 

The power piston A, when near the bottom of its stroke, overru^^ 
a belt of ports B, through which the burnt gases at once escape intd* 
the atmosphere, as indicated by the arrows. / 

CC is a cliarging pump driven by the engine, by' whicir; 
carburetted air is drawn through the carburettor D, and automatic, 
suction valve E, and delivered through the pipe FF and aiitomatle' 
inlet valve H to the top of the combustion chamber. . ■ ' v 

As arranged, it will be seen that when the power piston A is ne£r 
the bottom of its stroke, the pump plunger is moving rapidly 
towards the left, compressing its charge of carburetted air ; so soohy 
.therefore, as the pressure within the power cylinder is relieved by 
the exit of the burnt gases through the ports B, the superi^i: 
pressure above H causes this valve to open, and fresh mixture— dt 
a pressure of 3-5 lbs. per square inch, iminediately flows into.th^ 
cylinder, displacing the burnt gas and assisting its escape. To 
render this action most effectual, and at the same time to guard 
a^inst loss of fresh mixture through the ports, B, the combusti<£j^j 
head is made of the expanding conical form shown in the diagra^fil 
inhausting and charging thus occur simultaneously in the 
two- stroke cycle engine. * J 

, \ The piston on its up-stroke first covers the ports B and thefn 
Compresses the entrapped fresh mixture, the valve H automatioall|^ 
closing as soon as compression begins; at or near the top of t^ 
stroke the compressed charge is fired by the ignition plug K, 

%hB working stroke follo’ws; hence every down -stroke is a worki]^ 
stroke, and this engine accordingly gives one working impulse 
aingle-^^cting cylinder per revolution. 

; ' :/ If the clearing-out or “ scavenging ” of the exhaust gases 
i^VComplete as in a four-stroke cycle cylinder, and if as 
^b^ntity of fresh mixture could be introduced in each charg^;|^ 
Ijlihe mechanical efficiency of the two-stroke engine could 
Iws'that of the other, then tiie two-stroke 
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- develop tha same brake mean effective pr&ure 'as its 
and hence' at the same revolution speed would ^ve twib^‘ as; 
muph B.H.P. ; , ;f 

"In practice, however, this is not realised ; the burnt gase® 
escape during the short, interval of time that the exhaust potts B 
remain open at the end of each working stroke, while the fteeh 
charge has to enter the combustion chamber in practically the 
same interval : thus the scavenging is imperfect, and hence the 
.amount of the entering fresh charge is less than in the four-stroke ■ 
engine, wherein there is rather more than one complete stroke given 
up to each of the operations of exhausting and charging ; moreover, 
the presence of the rather bulky charging pump reduces the 
mechanical efficiency of the engine. 

Engines operating on the Clerk two-stroke cycle have proved 
very successful in the case of large stationary motors running at' 
revolutions speeds of only 75 to 150 per minute, and many of these, 
of very large power, are at work, particularly in the well-known 
Koerting and Oechelhauser types; the defects of the cycle are,, 
however, aggravated in the small quick-speed petrol engine, and 
accordingly the two-stroke car or aero engine has yet to establish 
itself in favour. About 1912 a small quick-speed two-stroke Clerk- 
cycle petrol engine was produced substantially as shown in fig. 72, 
(except that it was water-cooled), known as the “Dolphin^' 
engine; this showed a fuel consumption at full load and 1000 
revolutions per minute of only 0*68 lb. of petrol per B.H.P. hour, 
with a power output estimated as 1*56 of that of an equal-sized four- 
stroke engine. Though a well-designed engine, the gain of power 
by the adoption of the two-stroke mode of working was thus only 
56 per cent., while the addition of weight due to the charging pump 
probably resulted in the weight-power relation being increas^ 
rather than diminished. ,, ; ; 

A very ingenious form of the two-stroke cycle engine wa$ 
r invented by Day in 1891, and is shown diagram matically in fig, 

; ;He dispensed altogether with a separate charging pump by causi!||^ 
: fek® crank-chamber CC to perform this function, the lower pcf t w 
-ih^ power piston acting as the pumj) plunger; he conkiv^. 
‘jtnoreover, to dispense with the inlet valve by arranging for 
r power piston itself to act as both inlet and exhaust valve, 
thb /bottom of the down-stroke the piston A first overrunB;^^ 
port B, and the burnt gases , at once rush „ out 
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Fig. 73.— Diagram of air-cooled Iwo-strokc two-port Day petrol engine. 

^a^nt of the piston— ilows into the cylinde* through the passage - ' 
and is deflected upwards by a lip P oa the piston so as to' 
possible, any “short-circuiting” through the . 
B. ^As in_ the proy^bu.s case, the ascent of the 'piston first' 



t}^' ports 

combustion head, when it 'is 

loHowe*> at the same time there is a part^^^ae'^^\.|5^^|^^ 

'bp-nk-chamber and the suction valve M awidibgf^''^ 

ting a fxesh charge of mixture from ihe carburO^ibr P^; ^ 

fenoT^ as the “two-ported” engine; by connecting th^ 

with a port which is opened by the lower edge of the fuatrt Vh^t 

near the top of its stroke the valve E can be omitted; thisiS’^^ 

“ th^ee-ported ” Day engine, and in this form the motor is vSly^}^) 

though in practice it is usual to fit a simple non-retum v^.ve 

the suction pipe, even in the three-portod type, to reduce the liahdht^^. 


, to “ upset ” the mixture. ^ “‘i 

Though the simplest form of internal-combustion engine thak; 
/has yet appeared, the Day engine usually sufiers in a somewhat^- 
marked degree from most of the defects of the two-stroke circle* 
already referred to; tlie imperfect scavenging causes the fresh, 
charge taken by the cylinder to become so diluted that great carp 
' liust be exercised in adjusting the carburettor to give just th’e^. 
requisite strength of mixture, otherwise the engine reverts to a j 
sort of four-stroke cycle, every alternate down-stroke becoming a- 
Scavenging” stroke ; thus the Day petrol engine is very “ sensitive, ; 

' on its mixture. Further, there is at low speeds a considerable Ic^ 
’ of fresh mixture by short-circuiting across through tlie exhaust.^ 
at high speeds this loss is much reduced, but the volume of fresh 
charge taken in is then much smaller. Some tests made by Watson: 
and Fenning in 1910 on a small three-ported " x Day petre^; 
: engine showed that at 600 r.p.m. 86 per cent, of the fresh chargb- 
'i-was lost through the exhaust port, while at 1200 r.p.m. the, los^ 
• 'B 20 per cent. The volumetric efficiency was about 40 per 
‘ ^ . 'th speeds, the greater loss of fresh charge through the exha^ 
j^port at * lower speed counterbalancing the larger volume pS' 
pharge thv. entering the cylinder. 

- The 4.2 at 1200 r.p.m., and the mechanical eflScien.^; 

Fius speed gQ cent., the value of being 51^ lbs. ^ 

^square inch. Wfi Fenning concluded that this engine 

;^;900 r.p.m. about . at 1500 r.p.m. about 129 of the 

iofir-stroke engih;.^ equal bore, stroke, and speed. /r|f| 
'^;V"Kotwithsfcanding ’ts .^drawbacks, the combined advant^||^| 
>^]pricity;j low production ^ost, and an impulse every 
in very large n cf these engines 




jOTWMs propulsion ot smjr iaplfcai 
m4-15 also-a large atimife; 


Arf— using engines- of -'tfig; 

low-priced machines • '- - 
W^gine isnot conveniently arranged in multl-cvliaden 
cac/i crank-chamber must be completely enclosed if ordg#^’ 
Mat may operate as a charging pump for its power cylinder. ’ >■ 



I’lo. 74.-Laini, lough two-slrokc s,ii cylinder rotary eogine. 


- It Will be clear from iusircction of tig. 73 that this engine will 
^ equally well m whichever direction of rotation it is started: 
I the Ignition be advanced when running, a reduction in speed' 
^^y result in the sudden reversal of the engine, unless care be 
to set the %iiiiioTi laier as the sjx'ed falls. 

The Lamplough Eotary Aero Engine.-Among the endnes 
at the Aero Exhibition at Olympiaiiii 1911 was the siii.- 
I^^ered two-siroke rotary air-coolod Lafnplough engine 

^ sirgh-acting two-stroke rotaiy engine 
, whether the Ainuber of cylinders be odd or 
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eacht cylinder contributes one impulse per revolution, so ft^t 
be,, the number of cylinders, the impulses follow one anotli^ri;at 

equal angular intervals of degrees of rotation. 


In the Lamplough rotary aero engine the fresh changes! are 
supplied to the cylinders under small pressure by a rotary blower 
of special design mounted within a prolongation of the crank-caSe, 
as indicated; the charges enter the cylinders tlirough ports tiear 
their bottoms, which are overrun by tlie piston^ wlien near the 
eUd of their stroke, while the burnt gases are simultaneously 



Fig. 75, — 50 IJ.P. La viator two-stroke rotary oTigiiie. 


discharged directly into the atmosplnu'e through mechanically 
operated valves located in the cylinder heads, as shown; in this 
way it was sought to improve the exhaust scaviuiging, and at the 
same time reduce the loss of fresh mix'lure by direct passage 
thi'-ough the exhaust exit. 

‘ The Laviator Two-stroke Rotary Aero Engine. - The 
French “ Laviator ” Co., whose normal designs of aero engine are of 
the, four-stroke vertical and vee types, liave also attempted a 
cylindered two-stroke engine whicli may be operated either' as 
.i^dial or rotary, being' rated at 65 B.H.P in the former case ah<| 
at 50 B.H.P. in the latter— presumably on account of the IcKlit 
Iqecasioned in this case by the resistance of the air to the roWidi 
She cylinders, etc. ' 



•Bo^’AEY aero .Engines. 

view of tWa engine is given in %. 75, while fio-.'7.6 
,:.^,*d.agruinmatac section substantially illustrating the meM of 

11 compound,- the 

of sillier bore the more distant from the crankshaft being the 

Linb ’r*“ ® larger- bore forms an annular charging 

pump CO, e^h charging pump is connected ’by the ikcternal 
€ ivery pipe DD with the power cylinder distant 120° from it in 



, the direction of relative crank.slmft rotation, as sliown, while a short 
suction pipe E connects the pump witli one of the ports of a six^ 
- ported boss FF of the crank-case, which fits. on tlie hollow crank- 
shaft HH (showfi much exa^^aTated in the diagram to render it 
visible), through which the fresh mixture is supplied. In the 
.follow crankshaft is the long slot indicated, which, during th& 
.Relative rotation of the shaft, rcgisttu-s in Succession with the six 
^^rts.in the boss FF, and thus enables each charging pump in turn 
obtain ^its ouantitv oi* fresh fhnrfrA w>nr>l» in 



.the cowespbB^ijg 

wor^ag stroke, the btirnf gases amultBO^)y:^wS*th!|! 
ftxhaasfc ports EK formed near the bottm qf^ke.woj 

in this engine the method of working inelud^ f« , ^ 

o£ the fileik and of the Day types, already described^ " ; 

. One.5)f these engines was shown at the Paris Aero Eshibi;^^ 
1913 ; the bore of the power cylinder was 3'94 inches and 
5-12 inches; the normal speed was 1200 revolutions per 
aad the engine, when rotary, was rated by the makers as 
B.H.P. This corresponds to the moderate piston speed ot 10-2^ 
per minute, while vp has the very low value of only 44 lbs. p„e^ 
square inch, showing that the engine suffers from the low vo.umet^<r v 

and mechanical efficiencies common to small quick -speed two-stroke 
rotary engines in general. Hence the relation of weight to power 
is not very good; the total weight of the engine complete was 
198 lbs., corresponding to 3-96 lbs. per rated B H.P. ; several four-,. 

stroke aero engines already described, notwithstanding th? leteer . 

■ frequency of their working impulses, show a relation ot weig i O' 

power materially less than this value. i , • * i > 

The disadvantages inherent in the small high-s])eed two-stroke;, 
petrol engine have, up to the present, prevented its successM 
■Lployment in aero service; the. miilti-cylinclered four-stroke, 
engine, arranged in rotary, radial, vertical, or voe formation, con- 

■ 'anues to occupy the entire field so fax as concerns the propulsion 
. of air-craft. 
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AEfib.: ENGINES. 



‘ Is , 


KcmarkRu 


Bftlmiou 


Beatty . 

Clel'get . 
OurttsB . 

Be Dion 

Dorman 

frontier 

Hall-Scott 

c 

' r»' 

Laviator ^ 

u 

^ N,ltc. . 

l^nhard 
^ IL^ult 

J 


11. Radial Engines— 



\ , 

d. 

s. 


n. 

cr. 




Six-stroke cycle ; c. p. 91. 

w. 

14 

4‘7S 

5-1)2 

1-17 

1250 

1150 

200 

660 

3-30 

w 

0 

4-7;{ 

5-92 

25 

1250 

1230 

140 



Horizontal radial engine. ' 

w. 

9 

f. 9‘J 

8-27 

1 4 

1200 

1G50 

300 

9S0 

8-27 

Bo. do. 

w. 

18 i 

fi92 

8 2.7 

1 4 

1200 

1550 

GiiO 

24G0 

4-10 

U or i zon t al ra d i al engl ne 





V p, 92 hereof. See also 











Idifjht of Keb. 21 and 
Mar. 14 and 28, 1914., , 


III DlAGONAl, on “ 

V l''.K 

Engines. 


w. 

4 


.{"1 Jf) 

0 S.l.') 

1450 

j 

'’55 

30 

110 

3-C7 

See also The Autocar of 





1 

! 

Jan. 4,1913, and, for the. 

6 11 V auxiliary aero 




I 







1 

1 

i 


t 

etigine, Flight of 

Mar. 12, 1916. „ 

w. 


;{ V6 

3 1‘'.5 

0 ;.i 

1 1.50 ; 

755 

45 

175 

3 90 


! W. 

H 

Vfv 

3 125 ! 

0 835 

14.50 

755 ! 

GO 

176 

2 92 

# 

1 w. 

('< 

f»-00 

i 

1 2.1 I 

0-85 

1400 

1(»00 

85 

220 

2-59 


! "* 

8 

f> (U) 

■* 

0-8') 

1400 

1000 

115 

290 

2-52 


i w. 

1-.1 

f» Oh 

1-25 ' 

0-85 

1400 

1000 

170 

390 

2-30 



k; 

r» 00 

4 25 

0-85 

1400 

1000 

225 

490 

2-18 


1 w. 

8 

4 38 

4 OO 

0 915 

1450 

970 

80 

280 

3'BO 

Weiirbt includes fly- 
wheel ; V. Flight of 











Oct. 30,1914. 

vv^. 

8 

f* 51 

0 31 

1 14 

1250 

1315 

200 

640 

3-20 

V. Flight of Jan, 81, 1914. 

- 

8 

4-0 

5-0 

1 25 

1-iOO 

1000 


286 

3-81 

V also Flight of Mar. 21, 
1914 

A. 

8 

3-94 

4-73 

1-20 

1700 

1340 

80 

484 

6'05 

Tropeller on cam-«haft; 
see Flight of Jan. 81, 











1914. 

\v. 

8 

4-92 

5-92 

1 20 

1000 

1575 

150 

968 

6-45 


w. 

8 

i 0 

4-75 

1-19 

1300 

1030 

80 

875 

4-C8 

Weight includes fly- 
wheel; V. pp. 111-114. 

, I' w. 

1 

8 

3-75 

C'S 

1-73 

1020 

1750 

100 

450 

4-50 

Tropeller runs at 900 
r.p 01 . 

.j w. 

8 

4 13 

4'37 

1-00 

1200 

875 

60 

290 

4-83 


. ' w. 

8 

4-0 

4 0 

1 0 

1500 

1000 

60 

2G6 

4-42 


•1 w. 

8 

4 0 

5-0 

i 25 

1600 

1250 

80 

290 

3- 63 

1 ' 

. w. 

8 

3-94 

5-12 

1-30 

1-200 

1025 

80 

276 

3-44 

Propeller on cam-shaft; 
V. Flight of Feh. 











1914. ‘ ' 

. w. 

8 

1 4 48 

0-32 

1-41 

"200 

1264 

120 

418 

3-48 

Do. do, , 

. w. 

8 

; 6-80 

G 90 

li9 

lion 

12G5 

200 

716 

3-58 

Bo, db, ’ 

. w. 

4 

r 3-69 

4-50 

1-22 

1250 

940 

50 

155 

3-10 

Two-stroke. 

, w. 


1 4-33 

1 

1-27 

1500 

1380 

1 loo 

440 

1 4-40 

r. pp 118-1 19 hereof; and 
Flight of Feb 21, 1914. 

. A. 

4 

i 3 54 

1 4-73 

1 34 

1800 

14-20 

1 25 

! 243 

1 9*7 

V. Flight of Mar, 14,101i^ 

. “A. 

i 

i 2*96 
1 

1 

j4 78 

I'GO 

1800 

i 1420 

1 40 

1 

i 211 

I 

i 5-3 

V. pp. 114-^118 hareoi 



APPENmX. 18 ^ 


Kama o| 
engine. 

* 

• • 

' A 

. s ^ 

(.0 
c 0 

i)'' 

■s 

-a 

s 

d 

Cylinder bore 
in inches. 

Stroke in ] 
inches. 1 

j 

Ratio of stroke 
to l>ore. 

• Normal speed. , 
Revs, ner min. 

Piston speed. 
Feet per min. 

Nominal 

13.H.P. 

! 

Stated freight | 
of encine in lbs. 

Weight in lbs. 
pel nominal 

B If.P. 

Remark's, ^ 

^ • 

HI. 

)rA(iONAL 

OR “ 

V EK 

• ^ 

’’ Engines -cvntmmA, 

fleoAult 

A. 

N 

8 

d. 

Sfi4 

it. 

4-73 

1-34 

n. 

180( 

<r 

142t 

50 

376 

7-6 

Sp(*cial fan eoeliog y 

»i • 

A. 

8 

.^78 

5-52 

1-46 

1800 

165f 

7o 

396 

5-7 

jiropcllcr on cam-shaft. 

1* • 

A. 

12 

8 -78 

5-52 

1-46 

180( 

165C 

t ion 

638 

6 4 

Cylinders at 60*. 

Sunbeam 

w. 

8 

3 54 

5-92 

1-67 

2UH0 

1973 

160 

480 

3 2 

V p ll4hert*of. 

*». 

VV. 

12 

3 54 

5-92 

1-67 

2000 

' 1973 

j 225 

725 

3-2 

Propeller at 1000 r.p.m. ; 
t). of Mar. 28, 1914. 

.\tliite & Puppe . 

w. 

8 

4-73 

0 31 

1-83 

1200 

1260 

* 130 



VVolaoley * . 

Seiut-W 


4-0 

5-5 

1-38 

1800 

1G50 

i 

90 

385 

43 

V i)p. 99-111 hereof; In 












the 90 B.H.P. engines 
the propeller runs at900 

# 

w, , 


3-75 

5-5 







r.p.m.; v. also FfwAf of 
Mar. 14, 1014. 

n 

8 

1-47 

1800 

H16O 

90 

405 

4 6 

^ ¥ • * 

AV. 

8 

6-0 

7 (» 

1-40 

1160 

1340 

,.o 

640 

6-3 






IV. 

Vkiitical Engines. 




Argus 

w. 

4 

4 88 

.5 12 

1‘0;. 

1260 

1 107" 

50 

2(.4 

6-3 



W. 

4 

4-88 

5*12 

1-06 

1250 

1 

070 

70 

287 

4-1 


. . 

VV. 

4 

5-62 

5-52 

1-0 

1250 

1150 

1(10 

309 

3-09 



W. 

4 

G-10 

66 

1-07 

• 

1250 

11.50 

150 

420 

2 8 


‘ Argylls . 

w. 

G 

4-92 

6-88 

1*40 

1300 

1490 

130 

GOO 

4 6 

Weight inoludesradlator: 

Austro-Dniniler . 

w. 

4 

3-!H 

4 73 

1-20 

1450 

1 146 

40 

165 

4-1 

v.Flujh t of Mar. 21, 1914. 

V pp. 12G-138 hereof. 

t» 

w. 

4 

4 73 

6 -.72 

1-J7 

1360 

1240 

G5 

232 

3-.58 

Do. do. 

ft • 

VV. 

0 

4 73 

5 52 

l-IT 

1300 

1200 

90 

316 

3-51 

V pp. 132-138 hereof. ^ 

» 

w. 

G 

512 

6 88 

1 34 

1-200 

1376 

1-20 

675 ! 

4-8 

Weight includes radiator. 

Barlquaud , 

Seini-VA'. 

4 

4-42 

3 94 

0*89 

1400 

920 

30 

266 

89 

Air-cooled cylinder 

Btotty . . . 

VV. 

4 

4-38 

4-0 

0 915 

14.50 

967 

40 

ISO 

4-5 

he.'ids, 

V, FUiiht of Oct. SO, 1914. 

Beox . 

w. 

6 

4-17 

6-9 

1-42 

1350 

13.10 

b5 

36.5 

4-3 

V Flight of Mar, 28, ldJ4. 

^ • • 

w. 

4 

6-1.3 

7 1 

1 38 

1288 

1626 

103 

345 

3-34 

V. pp. 140-148 liereof 

Cljenu . 

w. 

4 

4*35 

6-12 

1-18 

1300 

1110 

60 

257 

5 14 

V. p. 126 hereof 

.» . . . 

v\^ 

6 

4-33 

6-12 

1-18 

1350 

1150 

80 

394 

4-92 

V pp. 125-12() hsreof. • 

;• ” * • ' 

w. 

6 

6-9 

7-88 

1-34 

1200 

1576 

200 

860 

4-3 

Also Fhght of Jan.* 31„ 
1914. • 

Element 

VV. 

4 

3 94 

4-73 

1*20 

1500 

1185 

40 

*242 

0 0.5 

!• • 

w.* 

4 

7-48 

906 

1-21 

1200 

1812 

216 

1100 

5-12 


■ ICkrget . 

w. 

4 

4-33 

4*78 

109 

1500 

1185 

50 

165 

3-3 

V F/tpAf of Jan. 31, 19141. 

.... 

w. 

4 

5'52 

6'30 

1-14 

1-260 

131.5 

lOOl 

341 

3-41 

Do. do*.* 


w. 

4 

4 0 

6-0 

1-25 

1200 

1000 

4or 

162 

4-06 

V. also Flight of Mar. 21, 












1914, for the 100 H,P. 

A ^ ' I 

w. 










engine, . ' < 


G 

4-0 

6">| 

1-26 

1200 

1000 

60 

256 

4-27 


i.: Awl 

. -I. !. 








1 . 







iLEB&- 


‘ifragibe. 


1 li Jl 11 1 ? It !3 If |jS 

I IS se . Ii'fc"- 1 




I D*iinl«r*Merc4dfefl W. 


i O^rntan Dainiliir . 


are^Bagle 


1 ^kl»m ‘ 


ae^Peugeot , 


IV. Vkrtical EmiKm— -continued 

N d. s. n. <r. 

4 4-7 i 5-52 I IG 1200 1104 70 808 4*4 

6 4- 13 6 r>2 1-33 1200 1104 80 312 S'O 


1200 1184 90 400 

1200 1104 100 444 


1100 1190 120 660 

1100 1190 240 1820 


1400 1020 36 

10(K) 600 45 150 


1000 666 60 190 
1000 666 90 280 


1000 066 60 176 2' 
1000 666 90 250 2 


1400 1290 70 .. 
1100 870 SO 182 


1150 1100 60 302 


1260 1250 1 120 440 

1100 825 1 60 260 


1500 1250! 44 160 | 
1400 mo! 40 180 I 


1300 1030 65 235 

1100 1166 no 616 


1200 1380 120 484 


1380 250 1210 


1000 76 300 


4*4 I V. pp. 188-186 


V, also Th6 Aumar ^ 
Mar. 28, 1914. 


Two-ptroke engifle. 


1110 120 770 

1012 35 220 


1200 100 852 


Two-ftrok© engj»© 
opposed. 

Oo. do. ^ 

Inverted engine; v. p. 14ft' 
V. pp. 186-144 hereof. 


B.H.P. given iahctaM;< 
V. p. 137. ' 


Propeller on cwn*«h*lft.^ 

Propeller on can^s^fti 
V. also Might of Fob, li, 
1914. ,v : 


6 4'tr4 } * " 

4' 4’6 I e-v-ft. 


t>. pp. 122-126 


PrppeMitr ' 




mh 




W#B»e3^ . 


^A^ttOts-Farwell 
l^itish Rotary 
JBurlat . 


CleTffet . 




i-- 

fe- 

“§ 

I 


o o 
S** 

s 


&a 

■sS 

, 1 ? 


«cl 

l| 5 ^” 


lls 

- OH 


T- I .fil ff 

" £Pj w^ai 

so'Si^ ^ 


'i, 4I 


llcmwJcF.^ 


IV. Vertical Ex«iNEs~-coft^w??i«(f. 


w. j 0 
Senii-W.i 4 
VV. i « 


N., (f. 

413 


«. 

6-92 

1-43 

n. 

2200 

<r 1 

21 GO! ISO 

i 


1 4 88 

Propeller at half ape^d f 

4 0 

0-916 

1600 

1066 j 39 

190 


(.ly 1 i i)d er head galr-cooled 

4-0 

0-916 

1150 

70.5 1 60 

230 

4-6 j 

». pp. 121-122 hereof. 


. Roi’Auy Engines. 


A. 

6 GO ,60 

1 0 

9.50 9.5 

0| 7 

28 

• 3 96 

A. 

10 4 88;6-.52 

1 13 

n 00;' 101 

0 lot 

.. 


A. 

8 3 74 1 4-?3 

I 27 

950 j 75 

» 3f 

181 

6 .34 

A. 

8 4-7.Sj 4-7.3 

1-0 

950; 76 

> G( 

2Gd 

4 40 

A. 

8 4 73 1 6-70 

1-41 

950 i lOG 

0 75 

sob 

4-10 

A, 

16 4-73 1 4 73 

1-0 

900 1' 71 

‘ 12i 

495 

4-13 

A. I 

7 4 73 '4 -73 

1 0 

120 

1 

1 94 

60 

19S 

3'3() 

A. 1 

7 4 -73 ' 6-90 

T2.5 

120 

> 1181 

80 

216 

2-70 

A. i 

G 0 9 

j 3-15 

0 457 

20' K 

I'l ( 

3"0 

220 

0 73 

A. 

7 .. 

1 

i • 




50 



A. 

a :i u , 3*94 

1-00^ 

2000 

1310 

60 

186 

3 1 

A. 

7 4. 33 1 4-73 

I -09 

1 1250 

990 

1 66 

167 

2-57 

A. 

7 4 -.35 |4-73 

1-09 

' 1200 

94.5 

60 

172 

3'44 

A. 

7 4-7; 

4 73 

1 0 

1200 

945 

(H) 

192 

3 20 

A. 

7 4 8S 

6 ;-)2 

1 l.S 

1200 

1106 

80 

207 

2.59 

A. 

) 4 88 

5 90 

1-21 

1200 j 1180 

100 ! 

297 

2 97 jv. 

A 1. 

4-35 

4 73 

1-09 

1200 

945 

100 

308 

3-()8 

A. 1 

1 4 73 

4-73 

10 

1200 

945 

120 

297 

2 48 

A. h 

1 4-88 

5 .52 

113 

1200 

lion 

ir.o 

396 

2-4(5 

A. li 

>*4-88 

1 

6-90 

1-Jl 

1200 

1180 

200 

540 

2 70 V. 

A. "i 

j4-,33 

^•90 

I 36 

1200 

1180 

80 


V. 

A. 9 

i 4 33 

5 90 

1 36 : 

1200 

1180 

100 


c 

A. 7 

4-33 

4 73 

L 09 : 

11.50 

910 

60 

IGO 

3-2 V. 

A. 7 



.. J 

L275 


80 

2{)d 

f 

26 

A. * 9 

50 

60 

■2 1 

GOO 

IGOO 

160 



A. 9 

4-73 

6-90 1 

26 1 

200 

180 

100 ! 

250 

2-6 V . 

A. 18 

473 

6-90 1 

25 1 

200 

1180 

200 . 

4I5 

y 

2-33 

A. 6 

3-94 

6-12 1 

'30 1 

200 j 

026 

50 : 

l»S 

S-96 P. 1 

A. 7 

"i 

5 52 1 

^ * 

■34 1 

200'] 

1 

100 

80 1 

L83 

3-67 Foi 
1: 








1 

P 


For deflcription, v. pw. 
i/]-17f) of this book. , 


Pli<jht of Jan. $1, 1914. 


' P. 17i )itjr«of; and 
of >’eh. 7, 191 j 
Do. do, 

V. PlujhtotPab, 7 , 10 u. 

•'or desorJption. e. pp 
161 -i« 4 of this book 


Do. 

Do. 


do. 

do. 


ar. ‘i8,10]*. 

Do. do. . 

p.pp.l84~i8fi hereof. 
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AEftO ENGINES. 


f ■ 

Name of 

e<»g:UMj, . 

Air- or Water- | 
cooled. 1 

1 

£ 

V 

•a 

o 

o 

0 

'A 



N 1 

Le Rhone . 

A. 

9 

it 

A. 

n 

» 

A 

u 

») 

A 

18 

RoJssel-Peugeot . 

A 

7 

u 

A 

7 

,, 

A. 

< 

S.H.K. . . 

A, 

7 

» • • 

A. 

7 


A 

11 

♦> • • * 

A, 

14 

Sta^ax . 

A. 

3 

’ 

A 

1 

Verdet . 

A. 

1 ■ 


I 

4 13 


413 

4-13 


;t>2 

5f>2 

52 


1*34 
1-31 
I 34 

1-31 
4-33 jl-01 

I 4 33! 4 ‘3-'. jl-O 
’ 4*33 '4-33 '1*0 


4-33; 5-52 I 1*27 

4 88 I 5*52 ll*l3 

•i'2S ' 2 3(, 

3 04 ! 4 71 

I ; 

1 4 42 , 5 52 1-26 


al speed, j 
per rain, j 

ii 


^ ID 

V 2 

"^3 ' 

SgW 

Remarks. 

B » . 




Ml. 35 


o « 



02 *3 

<i> 0) 

u o< 

' ' ' ' 

noineb coviinued. 



n 

fT. 



306 


1200 

1100 

80 

245 


1200 

1100 

100 

297 

I 2*07 


1200 

1100 

120 

375 

i 3*12 

For description., v. pp. 
170-171 hereof ; alto 





i 

Flight of Feb. 14, lUU. 

1200 

1100 

100 

4(i4 

; 2-90 

Do. do. 

1100 

soo 

30 

10.5 

1 6 5 

C 

uoo 

soo 

40 

172 

1 4-3 


iir»i) 

830 ’ 50 

ic,5 

1 3*3 


1200 

1100 

70 

154 

1 2*2 

For description, v. Flight 


1 

of Feb. 21, 1914. 

1200 

1100 

1 90 

198 

i ““ 


1200 

IlOO 

; 140 

308 

i 2*2 

Do. do. 

1200 

1100' 180 

3!ir> 

1 2*i 

Do ’ do. 

/ 

r. 1400 

I 55( 

1 

10 

(U) 

' 0 0 

w. Flight of Mar, 14 and 




Alar. 28, 1914. 

1200 

..MS 

40 

200 

50 


1100 
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Thi,s result is u„.,liH,.,l („ nsvl cvise „f ,„lsrv .uoiue by 

impo,.;uirn, -lr(,tutiou()u(lh' wliole sv.sb.iii '' 

Thu inuditicathm i.s exhihii,..! ,.h.,.,ri; iu fch,. Ud.le l.e.vuuder ■- 


• ItlMJl. 

Cjliiideiy 

('riiiiksliaft 

Cani.sluiffc 

Xiiiulmr of ciuiis 


h’d'li.1,1 cii-iiir . 

X ( \ l(ud‘‘l I !><•( 
<‘Miik pm. 


K.llr u{ lull. | 


+ I 
1 

N i 


cji^iuf : — 

N cyliijiioM p<’i cmuk-piii. 


Kill' i)i lotuhon. 


0-1 -1 
+ 1 l=-() 


.N --1 


- ] 


N 

' N 1 ' 


N ] 


X 1 


Hence in tJie (•••ISO <,f a rolurv the (■.nnsiiaft revolves in 

the s«mc direelion as tiu- cylinder.s, at a .sonu'what .uvater 

speed, iiaiiiely, in tlio ratio at K [of \ ~ | ). "" 

Por example, iji tlie well known iiijie-eyliiider Cleiwt rofarv 
engine, we have:— 

N = 9 . ( [y I i nd or n >t:it i oji - 1 . 

Crankshaft* rotation (). 

Cainshart rota^tiou ™ 

X -1 

Tr 


Numlier of cams = 


if ^4 . 


, So that in this engine the c.auishafl rcvolvc.s in llie, same dirodion 

f the CjHnders, and at etlttimes their rate. ' ■ 
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